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Abstract
Soft x-ray microscopy in the water-window (  = 2.28  4.36 nm ) is based on zoneplate optics and allows high-resolution imaging of, e.g., cells and soils in their
natural or near-natural environment. Three-dimensional imaging is provided via
tomographic techniques, soft x-ray cryo tomography. However, soft x-ray
microscopes with such capabilities have been based on large-scale synchrotron x-ray
facilities, thereby limiting their accessibility for a wider scientific community.
This Thesis describes the development of the Stockholm laboratory soft x-ray
microscope to three-dimensional cryo tomography and to new optics-based contrast
mechanisms. The microscope relies on a methanol or nitrogen liquid-jet laser-plasma
source, normal-incidence multilayer or zone-plate condenser optics, in-house
fabricated zone-plate objectives, and allows operation at two wavelengths in the
water-window,  = 3.37 nm and  = 2.48 nm . With the implementation of a new
state-of-the-art normal-incidence multilayer condenser for operation at
 = 2.48 nm and a tiltable cryogenic sample stage the microscope now allows
imaging of dry, wet or cryo-fixed samples. This arrangement was used for the first
demonstration of laboratory soft x-ray cryo microscopy and tomography. The
performance of the microscope has been demonstrated in a number of experiments
described in this Thesis, including, tomographic imaging with a resolution of
140 nm, cryo microscopy and tomography of various cells and parasites, and for
studies of aqueous soils and clays. The Thesis also describes the development and
implementation of single-element differential-interference and Zernike phasecontrast zone-plate objectives. The enhanced contrast provided by these optics
reduce exposure times or lowers the dose in samples and are of major importance
for harder x-ray microscopy. The implementation of a high-resolution 50 nm
compound zone-plate objective for sub-25-nm resolution imaging is also described.
All experiments are supported by extensive numerical modelling for improved
understanding of partially coherent image formation and stray light in soft x-ray
microscopes. The models are useful tools for studying effects of zone plate optics or
optical design of the microscope on image formation and quantitative accuracy in
soft x-ray tomography.
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1. Introduction
Microscopes extend our vision and give us access to an otherwise hidden world.
Since the invention of strong magnifiers by Dutch spectacle makers in the late
1500’s, the ability to study increasingly smaller structures have paved the way for a
multitude of discoveries in a wide range of scientific fields. Robert Hook
(1635 - 1703) and Anton van Leeuwenhoek (1632 - 1732) were two early
contributors to microscopy [1]. Hook invented the first compound microscope and
published famous drawings of tiny living organisms in his book Micrographia [2]
(1665), inspiring a wide public interest in microscopy. Leeuwenhoek followed Hooks
directions and found a way to make tiny glass spheres with high magnification
(  270  ), enabling the construction of over 400 microscopes and his many
biological discoveries, e.g., bacteria, yeast plants, the teeming life in a drop of water,
and blood corpuscles. Ernst Abbe developed the optical theory of microscopes in the
late 1800’s [3, 4], and concluded that due to diffraction, the resolution r was
ultimately limited by the numerical aperture NA of the objective and the
wavelength  of the illumination as

r =


.
2NA

(1.1)

Together with glass specialist Otto Schott and Carl Zeiss, Abbe constructed the
first diffraction-limited microscope in 1886. When August Köhler joined Zeiss in
1900 and introduced his illumination system [5], a design still used today was
completed. In imaging, contrast is of equal importance as resolution, and a number
of contrast-enhancing techniques were soon developed, such as phase contrast [6],
including Nomarski [7] and Zernike [8, 9] phase contrast microscopy, and
fluorescence microscopy.
The next revolution within optical microscopy came with the invention of confocal
scanning microscopy [10]. The resolution was  2  better but most importantly,
stray light from defocused layers of the sample could be blocked, allowing threedimensional (3D) imaging through optical sectioning. Combined with the functional
imaging possibilities of immunofluorescence it became, and still is, one of the most
important imaging techniques in cell biology. The resolution of optical microscopy
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has since then been improved beyond the diffraction limit by various superresolution techniques based on, e.g., structured illumination [11], or non-linear
properties of fluorescent dyes [12]. Imaging of 3D samples with sub-50-nm resolution
in sections and  100 nm in the depth has been achieved by fluorescent techniques
e.g., stimulated depletion emission (STED) [13] or photo-switching (STORM) [14].
Although impressive, these methods are limited to thin < 2 µm samples and are
more related to the localization of fluorescent molecules rather than imaging of the
full 3D sample structure.
The desire to study structures smaller than visible-light microscopy can resolve
motivated the use of shorter wavelengths. After de Broglie’s discovery of the wavenature of particles in 1923 [15], Knoll and Ruska constructed the first electron
microscope in 1930 [16]. They used high-energy electrons with a de Broglie
wavelength much shorter than visible light, providing a theoretical resolution
comparable to the size of single atoms. Electron microscopes have since then
become important instruments for biology and material research. Transmission
(TEM) and scanning (SEM) electron microscopy are the two main approaches for
imaging. Modern TEMs use electron energies of several 100 keV (300 keV
corresponds to   2 pm ), offering atomic resolution,  100 pm [17, 18], but the
sample thickness is limited to a few 100 nm. Electron cryo-tomography (ECT)
enables 3D imaging and can reveal the inner structure of small samples, e.g.,
viruses, macromolecules and small bacteria, with extraordinary detail, even down to
a few nm depending on the sample [19]. For larger samples, such as whole cells,
multiple tomographic dataset of serial sections must be combined, requiring weeks
of work per cell [20]. Moreover, ECT tomograms are not quantitative, partly
because of complex contrast mechanisms in TEM, but also due to the sample
preparation methods, e.g., staining or chemical fixation, which also may cause
structural changes [21]. Another branch of high-resolution microscopy is scanning
probe microscopy (SPM), e.g., atomic force microscopy (AFM) [22]. Although
limited to surfaces these instruments can, besides the main field of material science,
also be used for biological samples [22].
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Figure 1.1 – The electromagnetic spectrum. The wavelength and photon energies of different
spectral regions ranging from infrared (IR) through gamma radiation.
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Wilhelm Conrad Röntgen discovered a “new kind of rays” in 1895, which he called
x-rays [23]. X-rays are electromagnetic radiation with a wavelength much shorter
than visible light. Their interaction with matter offers element-specific contrast
mechanisms and they penetrate matter with negligible refraction. These properties
are utilized in a wide range of x-ray imaging techniques. The x-ray spectrum is
usually divided into extreme-ultraviolet radiation (EUV), soft x-rays and hard
x-rays, as shown in Figure 1.1. Their use for microscopy was suggested shortly after
Röntgen’s discovery [24], but it was not until 1948 that Paul Kirkpatrick and
Albert Baez managed to construct a low-resolution x-ray microscope, based on
grazing-incidence reflective optics [25]. Progress towards higher resolution came
with the development of zone plate optics and the use of synchrotron x-ray sources.
The work was pioneered by the groups of Schmahl [26, 27] and Kirz [28, 29, 30] who
developed full-field and scanning soft x-ray microscopy in the 1970s and 1980s. The
resolution of soft x-ray microscopes has since then improved towards  10 nm (halfperiod) [31, 32]. An overview of the present status of x-ray optics, x-ray microscopy
and applications can be found in Ref. [33] and recent proceedings of the
International conference on x-ray microscopy.


























Figure 1.2 – Water-window absorption contrast. The difference in absorption for protein and
water acts as a natural contrast mechanism for biological samples. Calculations are based on
the protein formula from Ref. [34] and optical data from Ref. [35]. The two wavelengths with
which the laboratory microscope in Stockholm can be operated are marked (dashed lines).

Soft x-rays in the water-window (284 – 543 eV, 2.28 – 4.36 nm) provide a natural
contrast mechanism between water and biological substances, e.g., protein, and
offers deep penetration,  10 µm , see Figure 1.2. Thus, water-window soft x-ray
microscopy allows imaging of thick biological samples without staining. It also
enables imaging of other naturally hydrated samples such as environmental colloids
and soils. Moreover, the combination of negligible refraction through samples with a
depth of focus comparable to the size of cells, allows quantitative computed
tomography at high resolution. Tomography in the water-window was first
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demonstrated on a gold test sample by Haddad et. al. [36]. Due to the high x-ray
doses required in soft x-ray tomography it was not until cryogenic fixation was
introduced that whole intact cells could be imaged in their near-native hydrated
state [37]. The groups of Larabell [38, 39, 40] and Schneider [41, 42] have since then
refined the technique in terms of throughput and resolution. Acquisition times are
in the order of minutes, the achieved resolution about 70 nm and both groups are
now producing results with high biological relevance. Lens-less x-ray tomography
techniques are also emerging [43], e.g., coherent diffraction imaging (CDI) and
ptychography. Imaging here relies on algorithms that reconstruct the object from its
diffraction pattern [44]. These techniques show similar detail, but on freeze-dried
[45, 46] or fixed cells [47].
Unfortunately, the above x-ray microscopy methods rely on radiation from largescale synchrotron facilities, thereby limiting their accessibility for a wide community
of researchers. Many would benefit from having a soft x-ray microscope available as
one imaging tool among others in their own laboratory. The development towards
such soft x-ray microscopes has been based on laboratory-scale laser-plasma or
pinch-plasma x-ray sources. Michette et. al. developed laboratory contact [48] and
scanning soft x-ray microscopy [49] employing carbon-target laser-plasmas
(  = 3.37 nm ). Early laboratory full-field soft x-ray microscopes were developed by
Nakayama et. al. [50], who used a similar source and a multilayer condenser, and
the group in Göttingen [51, 52], who used a pinch-plasma source (   2.48 nm )
and a grazing incidence condenser. The signal-to-noise ratio was low, which resulted
in an observable resolution comparable to visual light microscopes. Berglund and
colleagues at the department of Biomedical and X-ray Physics (BIOX)
demonstrated a vertical microscope based on a high-brightness liquid-jet laserplasma source and normal incidence multilayer condenser with sub-60-nm (halfperiod) resolution in 1999 [53]. The new generation of this microscope is horizontal
and features stable operation at either  = 3.37 nm or  = 2.48 nm , employing
improved multilayer or zone plate condensers [54]. An early version allowed 2D
imaging of wet or dry samples with a resolution better than 30 nm (half-period)
[55]. With the most recent improvements described in this Thesis, it now also
supports cryo tomography, phase contrast imaging and imaging with sub-25-nm
(half-period) resolution. Recent progress in laboratory soft x-ray microscopy also
includes a discharge-plasma based microscope (  = 2.88 nm ) with grazing incidence condenser optics for 2D microscopy [56, 57, 58], and a broadband solid-target
laser-plasma based microscope with a lower-resolution Wolter-mirror objective [59,
60]. Neither of them support cryo imaging. Note that commercial laboratory soft
x-ray microscopes based on both laser and discharge plasmas for cryo tomography
applications are now under development.
This Thesis concerns the development of the laboratory soft x-ray microscope at
Biomedical and X-ray Physics (BIOX) in Stockholm towards tomographic imaging
of biological samples and imaging of hydrated soil samples. It presents numerical
image formation models useful in the development of zone plate optics and for
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understanding the effects of optical design on tomographic image formation. The
Thesis also concerns the development and implementation of single-element phasecontrast and high-resolution zone-plate optics. Chapter 2 gives a review of soft
x-ray physics, existing soft x-ray sources and the optics used in soft x-ray
microscopy. Chapter 3 explains the theoretical formation of images and tomograms
in partially coherent soft x-ray microscopes. Chapter 4 presents the laboratory soft
x-ray microscope in Stockholm, its different modes of operation, phase-contrast and
high-resolution zone-plate optics, and its performance in 2D and tomographic
imaging. Chapter 5 demonstrates applications of laboratory soft x-ray microscopy in
cell biology and soil research.

2. Soft x-rays, sources and optics
The high resolution and image quality now achievable with soft x-ray microscopy
relies on fundamental soft x-ray physics and technical advances made in the fields of
x-ray sources, optics, detectors and vacuum technology. This chapter briefly
summarizes the properties of soft x-rays as well as concepts, properties and recent
advances in soft x-ray sources and optics. General and theoretically extensive
introductions to these fields can be found in Refs. [61, 62, 63].

2.1. Soft x-ray interaction with matter
The interaction of soft x-rays with matter explains contrast mechanisms in imaging,
and by which mechanisms the direction of x-rays can be altered in optics. X-rays
interaction with matter is based on the interaction with its electrons. The possible
interaction processes are: elastic or inelastic scattering, and photoelectric absorption
[63]. Elastic scattering occurs when the incident electric field drive the electrons to
reemit radiation of the same frequency as the incident radiation, coherently. The
elastic scattering from free electrons is called Thomson scattering, while for strongly
bound electrons is called Rayleigh scattering. In inelastic, or Compton, scattering a
small fraction E = (1  cos )E 2 mec 2 of the photons energy E is transferred to
an electron with mass me , making it recoil [64]. This scatters the photon in an
angle  and shifts the photon energy accordingly. Photoelectric absorption occurs
when the photon is completely absorbed and all its energy is transferred to the
electron. Soft x-ray photon energies are similar to the binding energies of inner-shell
electrons, which results in strong interaction via absorption. Compton scattering, on
the other hand, is a process where the energy transfer to the electron E must be
large enough to excite or ionize an atom. For soft x-rays in the water-window
E < 1 eV , which is less than most atomic ionization energies, and is therefore a
negligable process. In Figure 2.1 the cross sections (probabilities) for the different
interaction processes in carbon are compared. The interaction with soft x-rays is
clearly dominated by photoelectric absorption. All interactions decrease with
increasing x-ray energy. However, scattering, and Compton scattering in particular,
decreases slower, and hence becomes the dominating processes for harder x-rays.
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Figure 2.1 – Scattering and absorption cross sections for carbon. Photoelectric absorption it
the most dominant process for soft x-rays in the water-window (shaded area). All interactions
decrease with energy but scattering decreases slower and therefore becomes the dominating
process above ~20 keV.

The interaction of soft x-rays with atoms is described by the atomic scattering
factor f = f1  if2 . It is an element-specific strongly varying analytic function of
photon energy, especially near electron binding energies. Its real and imaginary
parts are related by the Kramers-Kronigs relation [65]. The complex index of
refraction n describes the optical properties of a material and, in the case of
forward scattering, it relates to the atomic scattering factor by,

n = 1   + i = 1 

na re 2
2

( f1  if2 ),

(2.1)

where na is the average density of atoms, re = 2.818  1015 m the electron radius
and  the wavelength. For solid or liquid materials in the water-window  is
typically in the order of 103 , while  varies between 105  103 . The real part,
1   , determines the phase velocity, which after a propagation distance z results
in a phase shift given by,

(z) = 0 (z)  (z) =

2
z,


(2.2)

where  and 0 are the acquired phases in the material and in vacuum,
respectively. The imaginary part,  , relates to an exponential decay of the
intensity I 0 according to Beer-Lambert’s law,

I(z) = I 0 e
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z

= I 0 e µz ,

where µ is the absorption coefficient of the material.

(2.3)
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Henke and colleagues measured f1 via the absorption coefficient and determined f2
via the Kramers-Kronig relation, for all elements between hydrogen and uranium for
x-ray energies between 50 eV – 30 keV [35]. Their work is now easily accessible
through the CXRO website [66] and has been, and still is, of great value for
calculating properties x-ray optical components.
The unique interaction of soft x-rays with matter allows for many powerful highresolution imaging techniques. As shown in Figure 1.2, the water-window provides
natural absorption constant for biological samples. Negligible inelastic and elastic
scattering cause x-rays to propagate along straight lines. This results in haze free
images based on differential absorption, and allows quantitative 3D imaging via
computed tomography. By comparison of absorption images below and above
absorption edges, elemental mapping can be done. Since there is a significant
difference in the phase shift between elements, phase contrast imaging is also
possible. In magnetic materials, at inner core binding energies,  and  exhibit a
strong dependence on x-ray polarization, known as x-ray dichroism and x-ray
birefringence [67], respectively. This provides magnetic absorption or phase contrast
used in magnetic transmission x-ray microscopy [68, 69]. X-rays also cause
fluorescence in materials, but for transitions in low Z materials, where inner-shell
electron binding energies correspond to soft x-ray energies, Auger electron emission
dominates over fluorescence [70]. However, the fluorescent yield increases for higher
photon energies and there it can be used for 2D or 3D elemental mapping via
synchrotron-based x-ray fluorescence microscopy (SXRF) [71, 72].
The interaction between matter and soft x-rays also determines the type of optics
that can be used. The small ratio between the phase shifting  and absorbing 
properties of elements make refractive optics infeasible. The reflectivity is small
because n  1 . However, since the phase velocity in matter exceeds the speed of
light in vacuum (  > 0 ), total external reflection can be used for efficient reflective
optics. And even though refraction is small (  < 102 ) it is enough to give a
substantial phase shift in a few 100 nm of material, which can increase the efficiency
of diffractive optics. The types of optics available in soft x-ray microscopy are
described in Sections 2.4 - 2.5.
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2.2. Contrast and x-ray dose
The applicability of an imaging method is much determined by its ability to
distinguish small features from its background, which for an ideal imaging system, is
determined by the contrast of the feature and noise. The noise originates from an
intrinsic Poission distributed ( N,  = N ) stochastic arrival of photons to a
detector, where N is the mean number of photons. It can be shown that the signalto-noise ratio (SNR) with which a feature can be distinguished is given by,

SNR =

NB  N
NB + N

= V NB + N

(2.4)

where N and N B are the number of detected photons from the feature and its
background, and V = ( I max  I min ) ( I max + I min ) is the visibility (contrast) of the
feature. According to the Rose criterion the detection can be regarded as
statistically significant if SNR > 3  5 [73]. Hence, the detection of a feature
requires a certain number of photons. However, soft x-ray photons have sufficient
energy to ionize atoms and thereby break chemical bonds, which can lead to
morphological changes in e.g., biological samples. The radiation damage forms a
fundamental limitation on soft x-ray imaging. This limit was first investigated by
Sayre et. al. [34]. By applying their model, the number of photons per sample area
n0 , needed in the illumination, can be calculated as,

n0 =

1
SNR 2

2
2
obj detTB V d (1 + exp(tµ))

(2.5)

where obj and det refer to the efficiency of the objective and quantum efficiency
of the detector, TB the transmission of the background, d 2 and t the feature area
and thickness and µ = µ  µB is the absorption coefficient difference between
feature and background. For weakly modulating features ( tµ  1 ), V  t . So for
cubic features, the needed illumination scales as n0  1 d 4 . An upper estimate of
the dose absorbed by the feature is given by,

Dose = ( 1  exp(µt) ) En0 t

(2.6)

where E is the photon energy and  the feature density. To estimate the needed
dose for imaging in a full-field soft x-ray microscope the model can be applied to
simulated images (see Section 3.2). Figure 2.2 show the required dose for imaging of
50 nm cubes of polyimide in water, imaged with a 50-nm zone-plate objective, and
how it varies over the soft x-ray spectrum. Even within the high-absorptioncontrast water-window a dose of at least  106 Gy is required, and typically
105  108 Gy is deposited during a single exposure. Hydrated biological samples
show structural alterations already at  104 Gy [73], but if chemically fixated they
can withstand up to  106 Gy [74], and if cryogenically fixated even  1010 Gy [75]
without any observable changes. For synchrotron based full-field soft x-ray
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tomography, where the total dose typically is  109 Gy [37, 38, 41], cryogenic
fixation is the standard sample preparation technique. Soft x-ray cryo tomography
of biological samples was demonstrated for the first time in Paper 8.
Radiation damage clearly limits the attainable resolution of biological samples in
x-ray microscopy. One approach to reduce the needed dose is to increase the
contrast. This can be done if the differential phase shifts within the sample are
utilized as a contrast mechanism [73]. Standard visible-light techniques for
obtaining phase contrast are Zernike phase contrast [8] and Nomarski [7], also
known as differential interference contrast (DIC). Both techniques have been
successfully adapted to x-ray microscopy. Figure 2.2 compares the required dose for
imaging with absorption verses Zernike phase contrast. Phase contrast clearly

reduces the dose at most x-ray wavelengths, and at harder x-rays where the absorption
is low, the dose is reduced by several orders of magnitude.

Full-field Zernike phase contrast was first demonstrated in the water-window [76],
and later for harder x-rays [77] where it has become a standard technique. In
scanning x-ray microscopy, DIC was first obtained with a segmented detector [78],
but Zernike-type contrast also exists [79]. Full-field DIC was first implemented
using twin zone plates [80, 81] and later as a single diffractive optic [82]. Paper 2
and 3 in this thesis describes the theoretical development and demonstration of a
DIC zone plate for use in a laboratory full-field soft x-ray microscope. In Paper 4,
and Ref. [83], a zone plate concept for single-optic Zernike-phase-contrast imaging is
described. Brief descriptions of the optics and results are found in Section 4.6.
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Figure 2.2 - Dose comparison of absorption and phase contrast. The dose was calculated from
simulated absorption and positive Zernike phase contrast images of a 50 nm polyimide cube
suspended in 5 µm of water, imaged with a diffraction limited 50 nm outer-zone-width zoneplate objective, for SNR=5 and assuming a 10% zone plate efficiency and a 100% detection
efficiency.
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2.3. Soft x-ray sources
Soft x-ray microscopy is based on highly chromatic diffractive optics. To reach the
large number of photons required for high-resolution imaging, bright narrowbandwidth (   < 1 500 ) soft x-ray radiation is needed. The exposure time in
imaging scales inversely with the spectral brightness of the source, making it the
preferred figure of merit when comparing sources. Spectral brightness is usually
defined as [photons/(s  sr  µm 2  0.1%BW)] . For pulsed sources it is more
convenient to use photons per pulse, and for line-emitting sources, the bandwidth of
a line is often chosen. Depending on the application, other aspects of the radiation
may also be of importance, e.g., average output power, coherence, source size and
emitted spectrum. Today there exist a number of source technologies for soft x-ray
generation, each having their advantages and disadvantages, and the development
of new ones, is quite intense. Figure 2.3 compares the spectral brightness for a
selection of existing and future x-ray sources. This section gives a short description
of the source technologies that are available for soft x-ray microscopy in the waterwindow.
Wavelength [nm]
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Figure 2.3 – Comparison of soft x-ray sources. The chart compares existing (solid lines) and
planned (dashed lines) soft x-ray sources. The water-window is marked in grey. Electronbeam energies and the insertion device types are given for synchrotron sources.
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Synchrotron radiation & Free-electron lasers

Synchrotron x-ray sources have high spectral brightness and are tunable over a wide
range of wavelengths. They have been the basis for the development of many x-ray
methods and techniques, soft x-ray microscopy being one of them. Today about 70
synchrotron facilities exist world wide [84]. Free-electron lasers (FEL) are
considered as the next generation of x-ray sources, offering coherent femto-second xray pulses with extremely high peak spectral brightness. X-ray FELs are now
developed with the hope to enable, e.g., single-molecule imaging [85] and studies of
atomic and molecular dynamics. FEL emission in the water-window, which is
important for studies of biological samples, was recently demonstrated at FLASH
[86, 87]. This section gives a brief introduction the to synchrotron and FEL
radiation properties. More extensive descriptions together with theory and
applications can be found in Refs. [61, 88, 89, 90].
The fundamental physical principle behind synchrotron and FEL radiation is that
accelerated charged particles emit electromagnetic radiation. Synchrotrons
accelerate bunches of electrons to relativistic kinetic energies (GeV) and injects
them into large storage rings. Bunches are typically  100 ps long and separated
by a few ns. Modern (third-generation) storage rings consist of bending magnets
(BM) interconnected by strait sections with periodic magnetic structures called
insertion devices, i.e., wigglers (W) or undulators (U). The generation of radiation is
similar for all: as the magnetic fields force the electron path to bend or oscillate in a
slalom-like path, the electron is accelerated perpendicular to the path, and dipole
radiation is emitted. Due to the relativistic kinetic energies this dipole radiation is
transformed into a narrow forward cone, cone  1 2 , where  is the Lorenz
factor. The divergence, flux and spectrum of the emitted radiation depend on the
electron energy and the type of magnetic structure as schematically illustrated in
Figure 2.4.



  






 








 




 

  







Figure 2.4 – Principles of synchrotron & FEL radiation. Bending magnets (BM), wigglers
(W) and undulators (U) alter the path of electrons with high kinetic energy, making them
emit radiation in a forward cone. FELs are linear accelerators with extremely long
undulators. The general characteristics of the emitted radiation for the different sources are
compared.
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Bending magnets emit a broad spectrum, ranging from infrared to soft x-rays,
explained by Heisenberg’s uncertainty principle E     2 and the short time
  1019 s for which the radiation cone from an electron can be observed. The
critical photon energy Ec , defined as the energy that divides the spectrum in two
halves with equal power, is given by

Ec [eV] = 665  Ee2 [GeV]  B[T] ,

(2.7)

where Ee is the electron energy and B the magnetic field strength.
Wigglers and undulators force electrons to follow a slalom-like path, similar to a
forward moving oscillating dipole. The shape of the path depends on the magnetic
defection parameter, K ,

K =

eBu
2mec

= 93.4  B[T]  u [m]

(2.8)

where e is the electron charge, u the period of the magnetic structure and c the
speed of light in vacuum. Wigglers use strong magnetic fields ( K  1 ), forcing
electrons to follow a non-sinusoidal path with angular deviations > cone . In some
sense they are like series of periodically reversed BMs, producing high photon fluxes
proportional to the number of periods, N . The non-sinusoidal oscillations generate
a spectrum consisting of harmonics that merge into a continuum for higher photon
energies, shifting the critical photon energy to higher energies. Undulators ( K < 1 )
induce nearly sinusoidal oscillations with small angular deviations, resulting in a
narrow radiation cone cone = 1  N and a narrow spectral bandwidth,
  = 1 N , where N usually is  100 . Undulators produce partially coherent
radiation with very high spectral brightness. However, the photon flux and energy
are lower than for a wiggler. The spectral brightness of a bending magnet, wiggler
and undulator at the Advanced Light Source (ALS) has been included in Figure 2.3
for comparison.
X-ray free-electron lasers combine linear accelerators that produce short  10 fs
high-quality electron bunches with very long undulators ( N  1000 ) and generates
intense x-ray radiation via self-amplified spontaneous emission (SASE). In such long
undulators, the initially randomly distributed electrons within a bunch start to
interact with the spontaneously produced electromagnetic field. If the path of an
electron is in or out of phase with the superimposed radiation, its transverse
oscillations will become larger or smaller, which affects its forward speed. When the
emittance and energy spread of the electron bunch is small enough, this mechanism
result in the formation of micro-bunches around equilibrium positions, separated by
exactly one wavelength  , with a forward speed ve that meets the FEL instability
condition, ve = cu (u + ) . These micro-bunches begin to emit radiation in
phase, and as more and more electrons radiate coherently, there is an exponential
growth of the intensity up to the saturation level, where all Ne  109 electrons
radiate in phase. This results in a coherent beam of radiation with a photon flux
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proportional to Ne2 , rather than just Ne , as in conventional undulators where
electrons radiate independently. FELs are therefore capable of producing spatially
coherent, femto-second x-ray pulses with up to 9 orders of magnitude higher peak
spectral brightness compared to third-generation sources. Existing x-ray FELs are
based on the SASE principle, which results in low temporal coherence. Planned
future FELs will use x-ray lasers or high harmonics to seed the FEL, which will
increase the temporal coherence.

2.3.2.

Laser-plasma sources

Hot dense laser-produced plasmas (LPP) provide an attractive compact alternative
to synchrotron radiation sources, capable of producing soft x-rays at high spectral
brightness, for laboratory experiments. The properties of LPPs depend on complex
relations between laser absorption, electron and ion energy, density, expansion rate,
photon emission and re-absorption, and couplings between acoustic and electromagnetic waves. General theory and properties can be found in Refs. [61, 91]. The
basic properties of the emission of soft x-rays can, however, be understood in terms
of blackbody radiation. In this case the wavelength, for which the emitted spectrum
from a blackbody with temperature T peaks, is given by Wien’s displacement law,

peak [nm] =

2.898  106
.
T [K]

(2.9)

Soft x-rays in the water-window will therefore be emitted if the temperature is in
order of  106 K . Such temperatures can be achieved if the high peak intensity in
the focus of a pulsed high-power laser,  1013 W/cm 3 , is aimed at a target. Figure
2.5a demonstrates the principle and different target technologies.
Solid target

Tape target

Liquid jet target

Gas puff target

b

X-ray emission region
Electron density, ne

a

nc
Laser light

Laser-plasma
interaction region
Distance from plasma center

Figure 2.5 – Laser plasma sources. (a) Target types used for soft x-ray generation. (b) Schematic diagram of the electron density in a LPP. Light is absorbed where the density is below
the critical density (dashed line). Energy transferred to the denser region causes intense
emission of soft x-rays. (b) is adapted from Ref. [61].
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As the laser pulse hits the target, a plasma, consisting of free electrons and ionized
atoms, is formed. It is then rapidly heated by inverse bremsstrahlung absorption,
which increases the kinetic energy of free electrons to several 100 eV , causing a
rapid expansion; on the order of µm/ps. During a short period, before the plasma
cools down or expands too much, an electron density gradient, as shown in Figure
2.5b, will arise. The electron distribution tends to oscillate with an electron-densitydependent natural plasma frequency given by

p [Hz] = 56.41  ne [m -3 ],

(2.10)

where ne is the electron density. These oscillations are driven by the
electromagnetic field of the laser pulse with a frequency  . The pulse can
propagate in the plasma as long as  > p but when it reaches the region where,
 = p , which defines the critical electron density nc , it is reflected. Most of the
laser energy is therefore absorbed in the region just below nc , which for visual laser
frequencies ( = 5.6  1014 Hz) is,  1026 m -3 , near the electron density of solids.
Thermal electrons then conduct energy to a thin region just beyond the critical
surface where the high density and temperature produce intense soft x-ray emission.
The emitted spectrum consists of a broad continuum of bremsstrahlung from
interactions between free electrons and ions, and narrow line emission from bound
electron transitions in ionized atoms of various charge states. Bremsstrahlung
dominates the spectrum from plasmas with heavy atoms. In low-atomic-number
plasmas, atoms will be nearly or fully ionized, and therefore line emission will
dominate (see Figure 4.2). Doppler-broadening from the fast plasma expansion
results in a typical line width of    1 500  1 1000 [92]. The relative
intensities of the lines depend on transition probabilities and plasma temperature.
The spectrum can therefore be tailored by selecting an appropriate target material
and temperature. The source size depends on focus size, pulse length, and the
target, but is typically 20  300 µm .
Laser plasmas used in soft x-ray microscopes have so far been based on solid
targets, such as, bulk [59] or tape targets [49], or liquid targets like jets [93, 94] or
droplets [95]. Carbon or nitrogen targets are often used since they have strong
emission lines in the water-window. Liquid-target sources are advantageous since
they have high brightness  4  108 ph./(pulse  sr  µm2  line) [93] and produce
significantly less debris than bulk targets [96]. This is of major importance since
debris can damage sensitive optical components. Low debris gas-puff targets [97]
have been developed, but the brightness is lower due to the lower target density.
The laboratory soft x-ray microscope described in this Thesis is based on the liquidjet concept. A description of the implementation, source characteristics, and future
improvements in terms of brightness (dashed lines in Figure 2.3) can be found in
Section 4.1.
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Discharge-plasma sources

Another way of generating hot dense plasmas is through an electric discharge. This
is utilized in pinch plasma sources, where a high-current pulse is driven through a
gaseous target. The formation of the plasma is described in detail in Ref. [98]. In
the beginning of the discharge, the current flowing through the gas will create a low
temperature plasma. The free charges of the plasma reduces the resistance and the
discharge current quickly increases, inducing a strong magnetic field that pulls offaxis-moving charged particles towards the central axis. This compresses or
“pinches” the plasma, thereby increasing the density and temperature to levels
where soft x-rays are emitted. Pinch plasmas can be used for laboratory waterwindow microscopy [56], but the source size is large, about 1 mm and the brightness
is about one order of magnitude lower that for LPPs [57], see Figure 2.3. Pinchplasma sources have been commercially available for EUV radiation for years, and
companies like NanoUV and Energetiq recently announced their availability for
water-window radiation. The technology developed by Energetiq circumvents a
common problem with electrode erosion by generating the pinch-plasma via
magnetic inductive coupling instead of electrodes [99].

2.3.4.

Other laboratory soft x-ray sources

Although the brightness of conventional electron-impact sources in the waterwindow is very low, it was recently shown that line emission from water-jet targets
can provide an average line-brightness comparable with pinch-plasma sources [100].
However, the line is broad (    1 200 ) and its use in microscopy is limited.
Phase-matched high harmonics (>100) of focused high-intensity femto-second laser
pulses, generated by a strong non-linear interaction with individual atoms or ions in
noble gases [101] or plasmas [102] can produce extremely short pulses [103] of
coherent soft x-ray radiation with high peak spectral brightness [104]. High
harmonic sources are ideal seeders for amplifiers like FELs [89] or x-ray lasers [105].
However, their direct use in water-window microscopy is hampered by low average
brightness [104].
The development of laboratory x-ray lasers (light amplification by stimulated
emission of radiation) is approaching water-window wavelengths [106]. Soft x-ray
lasers rely on the population inversion that can be achieved in plasmas. Due to the
short lifetime of plasmas and the lack of suitable mirrors they usually run in singlepass amplified spontaneous emission (ASE) mode. The divergence and temporal
coherence is limited but can be improved if seeded by high harmonics [107]. A
review of the research and development of soft x-ray lasers is found in Refs. [105,
108] and a general introduction to theory and experiments in Ref. [61]. High
harmonics and x-ray lasers were recently used for demonstrating laboratory highresolution coherent diffraction imaging outside the water-window [109]. Its use for
biological imaging in the water-window remains to be demonstrated.
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2.4. Reflective optics
All electromagnetic radiation is reflected, and thereby also redirected, at boundaries
between regions with different refractive index. Reflective optics are based on this
redirecting property and, if properly designed, they can be used for focusing or
imaging. The reflectivity R , defined as the fraction of the incident intensity that is
reflected, of a boundary between two materials with refractive indexes, ni and nt ,
is given by Fresnel’s equations [110],

R =

ni cos i  nt cos t
ni cos i + nt cos t

2

and

R =

nt cos i  ni cos t
ni cos t + nt cos i

2

(2.11)

.

(2.12)

Here  and  stands for orthogonal and parallel polarization relative the plane of
incidence, i is the incidence angle and t the angle of refraction. The angles of
incidence and refraction are related by Snell’s law of refraction,

ni sin i = nt sin t .

(2.13)

For soft x-rays,  (cf. Eq. 2.1) is small < 102 , which means that the real part of
the refractive index is just slightly less than unity. This results in low reflectivity
except at small grazing angles (  =  2  i ), exemplified by the reflectivity of a
perfectly flat vacuum-Ni interface in Figure 2.6a. The reflectivity at normal
incidence is on the order of 105 for most materials. However, the reflectivity can
be enhanced by reflections from multiple boundaries if carefully designed. Grazing
incidence and multilayer mirrors can therefore be used in soft x-ray optical
arrangements, such as a soft x-ray microscope. This section gives a brief description
of these two types of reflective optics.
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Figure 2.6 – Grazing incidence and multilayer reflections. (a) The reflectivity for  and ||
polarized soft x-rays ( = 2.48 nm) on a Nickel surface (data from Ref. [66]). (b) illustrates
the principle of a multilayer mirror. Its alternating layers of high (H) and low (L) refractive
index cause reflections that interfere constructively, which enhances the reflectivity.
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Grazing-incidence mirrors

Although the reflectivity is very low for most materials in the soft x-ray range,
there exists an important exception for radiation incident at grazing angles, cf.
Figure 2.6. Since x-rays refract away from the surface normal (  > 1 ), they cannot
be transmitted when incident at sufficiently small angles. Instead total external
reflection occurs and a reflectivity close to unity can be obtained. The critical
grazing angle c for total external reflection can be estimated by neglecting
absorption, n  1   , applying Snell’s law, sin( 2  c ) = (1  ) , and assuming
small grazing angles [61]. In this case the critical angle is given by,

c =

2 .

(2.14)

Thus, the critical angle depends on material and wavelength. The reflectivity at
grazing angles  < c is high as long as the surface roughness is smaller than the
wavelength, but due to absorption it is always less than unity, cf. Figure 2.6a.
The high reflectivity at grazing incidence enables efficient focusing of x-rays in
scanning microscopes. The performance of the optic, in terms of resolution, depends
on the shape, or figure, of the reflecting surface or surfaces. A spherical surface can
be used, but at grazing-incidence angles, aberrations like astigmatism, spherical
aberration, and coma become severe. To reduce aberrations, compound systems,
e.g., Kirkpatrick-Baez [25] and Wolter [111] mirror systems, are often used. Still,
achieving the desired optical figure with a sufficiently small error while maintaining
a sub-nm surface roughness is challenging. However, focusing down to 50  30 nm 2
has been achieved with KB mirrors [112] and one-dimensional focusing down to
7 nm was recently demonstrated by the use of adaptive x-ray reflective optics [113].
The performance of reflective optics in full-field imaging is poor. Nevertheless, in
soft x-ray full-field microscopes reflective optics, such as ellipsoidal mirrors [58],
capillaries of different shapes [114, 115], or Wolter optics [116], serve as efficient
condensers. The optical properties do not change much with wavelength, which is
convenient for tunable microscopes. Wolter mirrors have been used as a lowerresolution, but efficient, imaging objective in a laboratory soft x-ray microscope
[116].

2.4.2.

Multilayer mirrors

The small reflectivity at near-normal incidence can be significantly increased when
reflections from multiple boundaries in multilayer structures interfere constructively
in the direction of the reflection [61, 117], see Figure 2.6b. This occurs when the
bilayer thickness  , wavelength  , and the gracing angle  satisfies Bragg’s law,

m = 2 sin 

(2.15)

where m = 1, 2, 3… is the Bragg order number. In the case of normal incidence
(  = 90° ) and m = 1 , the optical bilayer thickness should be  =  2  1 nm for
water-window wavelengths. Bragg’s law does not allow a mismatch in layer
thickness or wavelength. This is because it was derived from an infinite number of
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layers. In reality, the number of bilayers N is limited, which makes the multilayer
act as a band-pass filter with a spectral resolving power of    mN .
The total reflectivity of the multilayer mirror largely depends on the reflectivity of
the individual boundaries. The reflectivity of a single ideal boundary is given by
Fresnel’s equations, which for normal incidence  = 90° and small  and  , can
be approximated by

R=

n1  n2
n1 + n2

2



 2 +  2
,
4

(2.16)

where  and  are the differences in the real and imaginary part of the
refractive indexes n1 and n2 . To maximize the reflectivity, layers of materials with
large differences in refractive index should be alternated. Absorption losses within
the layers are not negligible, so the absorption (  ) of one of the materials should be
low. The roughness and material interdiffusion of real layer boundaries make them
far from ideal, which results in a reduced reflectivity Rreal = R exp((4 )2 ) ,
where  is the interdiffusion thickness [63]. The reflectivity can sometimes be
improved by the use of very thin layers of a third material, acting as interdiffusion
barriers. The number of bilayers also affects the reflectivity. The number of bilayers
needed to reach close to maximum reflectivity depends on the reflectivity and
absorption of the layers. For soft x-rays, N = 200  600 bilayers are usually
needed. Tools for calculating and optimizing the total reflectivity of multilayers are
available on the CXRO website [66].
The development of layer deposition technologies over the last years, has improved
the reflectivity of normal-incidence water-window multilayers from a few to tens of
percent. A database of measured multilayer reflectivites is available on CXROs
website [66]. Established material combinations for water-window wavelengths are
W/B4C ( R = 1.9% ,  = 3.4 nm ) [66], Cr/Sc ( R = 14.8% ,  = 3.11nm ) [118],
Cr/Ti ( R = 17% ,  = 2.73 nm ) [119] and Cr/V ( R = 9% ,  = 2.42 nm ) [119].
The high reflectivity, narrow spectral selectivity, large numerical aperture and ease
of alignment make normal-incidence multilayer mirrors especially attractive as
condensers for soft x-ray microscopes with multiple-line emitting sources, such as
laser plasmas [120]. Although impressive, the above reflectivities were reached on
small flat substrates. The fabrication of multilayer condensers is much more
challenging, since it requires uniform deposition over several centimeter large areas
with a predetermined layer thickness, resulting in lower reflectivity. State-of-the-art
Cr/Sc and Cr/V multilayer condensers, with effective reflectivities of R = 3.5%
(  = 3.37 nm ) and R = 0.6% (  = 2.48 nm ) respectively (see Figure 4.3), are
used in the laboratory soft x-ray microscope described in this Thesis. Section 4.2
gives a more detailed description of these condensers.
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2.5. Diffractive optics
Since electromagnetic radiation has wave properties, it is subject to scattering by
diffraction [110, 121]. Diffraction occurs as wave fronts of radiation encounter an
obstacle, e.g., an edge, aperture, or other structure, over which the index of
refraction abruptly changes. Diffractive optics, i.e., gratings and Fresnel zone plates,
consist of periodic such structures, and redirects diffracted radiation in directions
where it interferes constructively. The resolution of such an optic is related to
smallest period of the structure, while its efficiency is related to the thickness and
optical properties of materials. With the accuracy of existing nano-fabrication
techniques, diffractive soft x-ray optics with acceptable efficiency  10% and a
resolution on the order of 10 nm can be fabricated. Zone plates therefore often serve
as high-resolution objectives or effective condensers in soft x-ray microscopes, while
transmitting or reflecting linear gratings are used for spectroscopy or as
monochromators at synchrotron facilities. References [61, 63, 117] cover the theory
and applications of soft x-ray diffractive optics. The following sections describe
important properties of gratings and zone plates.

2.5.1.

Diffraction gratings

The fundamental properties of diffractive optics can be understood from linear
gratings. In their simplest form gratings consist of alternating opaque and
transparent linear zones with a grating period d .













Figure 2.7 – Diffraction from a grating. Constructive interference occurs in the directions
given by the grating equation. Higher orders have been omitted for clarity.

Radiation passing through the grating slits at an angle i will spread due to
diffraction and, if the coherence between consecutive zones is sufficient, it will
interfere constructively in angles m given by the grating equation,

sin m  sin i =

m
,
d

(2.17)
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where m = ± 0, 1, 2, 3… is the diffraction order and  the wavelength. A fraction
of the incident radiation is thereby redirected into the non-zero diffraction orders.
The direction strongly depends on wavelength  , which is why gratings are used as
spectrographs or monochromators. In such applications, the spectral resolving power
 is given by    mN , where N is the number of illuminated zones.
The fraction of incident intensity diffracted into a certain order m is given by its
diffraction efficiency m . The theoretical diffraction efficiency of an optically thin
infinite grating with rectangular zone profiles and m  0 is given by [122]

m =

sin 2 (rm) 
4h 
 2e 2h  cos ( 2h  )  ,
 1 + e
2

(m)

(2.18)

where r is the line-to-period ratio, h the zone height, and  and  correspond to
the complex index of refraction n = 1   + i of the zone material.
The efficiency scales as m  1 m 2 , which is one reason why the first diffraction
order is mostly used. The maximum efficiency max is then obtained with a line-toperiod ratio of r = 0.5 , as shown in Figure 2.8b. For totally opaque zones
max = 1  2  10% , while for non-absorbing phase-shifting zones it can be as high
as max = 4  2  40% if the zone height produces a phase shift of  , ( h =  2 ).
No such materials exist for soft x-rays, so to maximize the efficiency a material with
a high   -ratio should be chosen. The material must also be compatible with
nano-fabrication methods and offer long-term stability. Gold (Au), germanium (Ge)
and nickel (Ni) are the most frequently used materials in soft x-ray diffractive
optics. Figure 2.8a shows the theoretical diffraction efficiency versus zone height for
these materials. Nickel is mostly used since it provides a high efficiency at relatively
moderate zone height.
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Figure 2.8 – Basic grating parameters and their effect on efficiency. The left graph shows
how the first-order efficiency of a perfect grating depends on zone height and the choice of
zone material, while the right shows how it relates to space-to-period ratio and diffraction
order.
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Zone plates

Zone plates, sometimes referred to as Fresnel zone plates, are circularly symmetric
diffractive gratings where the grating period radially decreases in such a way that
the diffraction from a given order m will interfere constructively on the optical axis
at the distance fm from the zone plate. Constructive interference occurs when the
optical path to the focus fm from two consecutive zone boundaries rn and rn+1
differ by m 2 . The principle is illustrated in Figure 2.9. The relation between the
focal length fm of order m and the n th zone boundary rn is given by,
2

rn2 + fm2 = ( fm + mn 2 ) .

(2.19)

For the small numerical apertures of soft x-ray zone plates mn  fm and the
relation simplifies to rn  mnfm . From here, the following equations for
important optical parameters, like the diameter D , focal length fm and numerical
aperture NA can be derived for a zone plate with N zones, and an outermost zone
width r = rN  rN 1 [61],

D = 4N r,

(2.20)
2

4N(r)
Dr
=
,
m
m
m
NA = sin m 
.
2r
fm =

(2.21)
(2.22)

Zone plates are inherently chromatic since f  1  , but if the spectral bandwidth
of the illumination meets the condition,   > mN , chromatic aberrations are
avoided. Ideally, there are no other on-axis aberrations. Off-axis aberrations are
discussed in detail in Refs. [123, 124], but in most x-ray microscopy applications
they can be neglected [124]. Inaccuracies in the zone plate pattern can lead to
aberrations. Defects such as, ellipticity, non-concentricity or radial displacements,
result in astigmatism, coma, and spherical aberration. If these defects are smaller
than  1.3r the arising first-order aberrations can be neglected [125].


 



 





















Figure 2.9 – The principle of a Fresnel zone plate. The zone widths decrease radially so that
constructive interference occurs at the desired focal spot.
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The first-order focal intensity distribution of an ideal zone plate approaches the
Airy pattern as the number of zones increase, and for N > 100 it can be treated as
that of a lens [125, 126]. The Rayleigh resolution of the focal spot, defined by the
distance from the center to the first minima of the Airy pattern is given by

r =

0.61
1.22r
=
.
NA
m

(2.23)

Hence, the diffraction-limited resolution of a zone plate is determined by its
outermost zone width r and order m . Since in practice only the first order is
used (a few exceptions exist) zone plates are often referred to as “a 30-nm zone
plate”, meaning its r = 30 nm . The depth of focus (DOF), defined by the
distance over which the focus intensity is > 80% of its maximum, is given by [121]

DOF = ±


2(NA) 2

=±

2(r)2
m 2

.

(2.24)

Note, however, that the resolution and DOF in full-field zone-plate microscopes,
also depend on illumination conditions, e.g., the numerical aperture of the condenser
[121] and spectral bandwidth. The effects of illumination on image formation in 2D
and tomographic imaging are discussed in Section 3 and Papers 2 and 9.
The performance of soft x-ray zone plates, in terms of resolution and efficiency, is
ultimately determined by the accuracy with which nanometer-wide high-aspectratio structures can be fabricated. Zone plates are fabricated using techniques
adopted from semiconductor industry and involves high-resolution electron-beam
lithography, reactive-ion etching and electro-plating of suitable metals. Recent
progress in high-resolution x-ray microscopy have also involved various fabrication
tricks: zone plate stacking has been used for improved efficiency [127], zone
doubling by atomic layer deposition lead to sub-10-nm resolution in scanning x-ray
microscopy [32], double patterning was used to achieve 12 nm resolution in a fullfield soft x-ray microscope [31], and cold-development was used for improved zone
quality of 13-nm zone plates [128].
Since the efficiency is of special interest in laboratory soft x-ray microscopes, much
effort has been devoted to fabrication-process development within our group [129].
Recently demonstrated techniques include: pulse-reverse plating for flat zone plate
profiles [130], a Ni-Ge double-layer concept [131] used for the fabrication of efficient
13-nm zones plates [132] and a Ge fabrication process for high-aspect-ratio zone
plates [133]. Process development requires feedback. For this reason an in-house
laser-plasma-based instrument for accurate measurements of absolute and local
efficiency was developed. The method is described in detail in Paper 1. It is based
on a simultaneous comparison of the diffraction order of interest with a precalibrated reference signal, so that both signals can be accurately measured within
the dynamic range of a CCD detector. Figure 2.10 illustrates the arrangement.
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Figure 2.10 – In-house zone-plate efficiency measurements. (a) Measurement result in the
form of a zone plate efficiency map. (b) Illustration of the experimental arrangement.

One method of reaching higher resolution without placing extreme demands on the
fabrication is the use of higher orders in standard or compound zone plates [134,
135]. However, the implementation of such techniques in full-field imaging requires
careful consideration of the optical arrangement in order to mitigate stray light
from unwanted orders. Nevertheless, third-order full-field x-ray imaging has been
performed [136]. Paper 7 describes the implementation of a 50 nm compound zone
plate for imaging sub-25-nm structures in a laboratory soft x-ray microscope (see
Section 4.5).

2.5.3.

Diffractive optical elements

Zone plates of the type illustrated in Figure 2.9 are today the standard imaging
optic for high-resolution x-ray and soft x-ray microscopy. Diffractive optics can be
thought of as holograms, which allows an incident wave of radiation to be
transformed almost arbitrarily. Diffractive optical elements (DOE) with tailored
properties can therefore be designed [137]. Examples of existing x-ray DOEs are:
spiral zone plates [138] and differential interference contrast (DIC) zone plates [69,
82] for phase contrast imaging, beam shaping zone plate condenses [139] and
condenser optics for Köhler-like illumination [140]. Paper 3 and 4 in this Thesis
describes the theoretical development and demonstration of a DIC zone plate with
more relaxed coherence requirements, so that it can be used in a laboratory soft
x-ray microscope. In Paper 5, and Ref. [83], a zone plate concept for single-optic
zernike-phase-contrast imaging is described. These phase-contrast zone plates are
also described in Section 4.6.
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2.5.4.

Properties of thick gratings

Extreme high-aspect-ratio zones will eventually be needed to further increase the
resolution of zone plates. At such aspect ratios the diffraction theory for optically
thin structures becomes inaccurate. To describe the interaction between grating and
incident radiation the wave equation must be solved within the structure. Since
analytical solutions seldom exist, numerical methods must be used. Methods for
studying properties of optically thick soft x-ray diffractive optics are usually based
on rigorous or non-rigorous coupled wave theory (CWT/RCWT) [141] or nonrigorous finite difference methods (FDM) [142, 143, 144]. RCWT solves the wave
equation by calculating the leakage rate between field modes periodic with the
grating. The method is rigorous but limited to perfectly periodic infinite structures.
FDMs solve the paraxial approximation of the scalar wave equation (PWE), which
assumes a plane-wave-like solution with a slowly varying envelope. The x-ray field
is calculated in steps through the structure along the direction of propagation,
where each step solves the PWE based on the field in the previous step. In a
comparison of available methods with RCWT, presented in Ref. [145], we show that
FDMs are reliable for simulations of soft x-ray optics (see Figure 2.12).
One important phenomenon, not predicted by thin theory, is wave guiding. As the
zones get narrower and higher, their wave-guiding properties result in reduced
transmission and efficiency. The critical aspect-ratio, above which wave guiding
effects have to be taken into account, is given by h r  1 2 [146]. For nickel
zones at  = 2.48 nm the critical aspect-ratio is  10 . Figure 2.11 shows how wave
guiding greatly reduces the efficiency of nickel gratings for zone widths below
r  10 nm . This makes it increasingly harder to reach resolutions of a few nm
with a standard zone plate design.
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Figure 2.11 – Wave guide effects in high aspect ratio zones. Calculations of the x-ray field
inside Ni gratings for various zone widths ( = 2.48 nm). A wide-angle Crank-Nicolson FDM
[147] with periodic boundaries was used. Plane waves of x-rays are incident from the left. The
corresponding efficiencies are shown to the right.
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However, if the zones are tilted so that the resulting Bragg reflection angle coincides
with the diffraction angle of a higher order, the efficiency of that order will be
greatly enhanced [148, 149]. Figure 2.12 shows how the 6th order efficiency of
optimally tilted nickel zones depends on zone height and line-to-period ratio r . For
zone heights h > 1 µm , the zones work like the layers in a multilayer mirror,
reflecting radiation into the 6th diffraction order. Note that the obtained phase
modulation corresponds to that of a 10-nm zone plate. In this way high efficiencies
can be obtained at high numerical apertures. However, the fabrication of such zone
plates is extremely challenging. Nevertheless, a zone plate stacking method was
recently used for successful fabrication of tilted zones [150].
!'

$($'"()

 $#

""$)# 

$#


& 






&




& 



&



*#













%$!" !(*#

Figure 2.12 – Efficiency of Bragg tilted zones. The calculation of the x-ray field in a tilted
grating structure shows an effective redirection of radiation into the 6:th order. A plane wave
of x-rays radiation is incident from the left. FDM and RCWT efficiency calculations of tilted
zones for different line-to-period ratios are shown to the right [145].

3. Tomographic image formation in

soft x-ray microscopes
In this Chapter the tomographic image formation in partially coherent microscopes
is discussed. First an introduction the concept of coherence and basic image
formation theory is given. Then a numerical model applicable to the partially
coherent image formation of full-field soft x-ray microscopes is described. An
introduction to theory and methods of computed tomography is also given. The
effects of partial coherence and stray light on resolution and quantitative accuracy
of soft x-ray tomography is then discussed.

3.1. Coherence
Coherence is a property of waves and electromagnetic fields that enables stationary
interference. The degree of coherence  between wave fields relates to the visibility
(V = |  | ) of the resulting interference pattern in case of overlap. The total field is
obtained by adding the wave field amplitudes and if they are coherent (  = 1 ) they
will produce an interference pattern, while if there is no coherence (  = 0 ) their
interference is chaotic and the visibility of the pattern vanishes. Since there is no
interference between incoherent fields their intensities can be added.
The coherence of a wave field is usually described in terms of temporal coherence
and spatial coherence. Temporal coherence refers to the coherence between wave
field points separated in time or by a propagation distance. The degree of temporal
coherence relates to the visibility obtained in a Michelson interferometer and
depends on the bandwidth  of the radiation source. The separation for which
interference vanishes (  = 0 ), is given by the coherence length

L =

2
.


(3.1)

Spatial coherence refers to the coherence between wave field points separated by a
transverse distance. The degree of coherence relates to the visibility obtained in a
Young’s double slit experiment. The wave fields emitted from an extended
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incoherent source will after some propagation become more and more coherent, e.g.,
the light from a star is coherent even though the source is incoherent. According to
the van Cittert-Zernike theorem [121] the degree of coherence in the far-field from
an incoherent source is given by the Fourier transform of the source intensity
distribution. In the case of a circular source with diameter D and at a distance L
the transverse separation for which (  = 0 ), is given by

T =

1.22L
D

(3.2)

3.2. Image formation
The degree of coherence in a microscope depends on its optical design and affects
the way images are formed. It relates to imaging properties such as resolution,
depth of focus (DOF) and contrast. The image formation process of thin objects in
a normal transmission microscope, working either with coherent or incoherent
object illumination, is readily described using Fourier optical methods [151].
In a completely incoherent case no interference can occur, e.g., imaging of a
luminous sample. The formation of the image is therefore linear in intensity and the
image I is formed by the convolution of the point spread function (PSF) intensity
with the object intensity O(x,y) ,

I(Mx,My) = PSF(x,y)

2

(3.3)

 O(x,y),

where M the magnification of the geometrical image. The PSF is given by the
Fourier transform of the aperture function A(x ,y ) ,

PSF(x,y) = F ( A(x ,y ) ) 

 

 

A(x ,y )e

i2(x x +y y)

dx dy ,

(3.4)

 

where x and y are spatial frequencies corresponding to the x and y coordinates,
respectively. For a diffraction-limited system the aperture function is given by

 0

A(x ,y ) = 
 1


if  > NAO 
if   NAO 

,

(3.5)

where NAO is the numerical aperture of the objective. The intensity of the PSF is
the Airy pattern, i.e., the Fraunhofer diffraction pattern from a circular aperture,
and the distance r to its first minima defines the Rayleigh resolution,

r =

0.61
.
NAO

(3.6)
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In the fully coherent case the sample is illuminated by a plane wave from, e.g., a
laser. The imaging system is then linear in complex amplitudes and the formation of
the image intensity is given by
2

(3.7)

I(Mx,My) = PSF(x,y)  O(x,y) .

Note that O(x,y) in the case of coherent imaging is the complex transmission
function of the object, and not the object intensity.
An intuitive understanding of the image formation can be gained by describing it as
a low-pass filtration of the object with an optical transfer function (OTF) in the
Fourier space,
2

I(Mx,My) = F 1 ( OTF(x ,y )  Ô(x ,y ) ) ,

(3.8)

where Ô(x ,y ) is the Fourier transform of the object. The optical transfer function
for the incoherent case is given by

(

OTF(x ,y ) = F PSF(x,y)

2

) = A( , )  A( , ),
x

y

x

y

(3.9)

which is a continuously decreasing function that vanishes at a cut-off frequency
c = 2NA  , which means that the contrast decreases accordingly. The
modulation transfer function MTF = OTF is often used for describing the
performance of incoherent systems. In the coherent case the OTF is given by

OTF(x ,y ) = F ( PSF(x,y) ) = A(x ,y ),

(3.10)

which means that spatial frequencies  < NA  will be transferred with out any
loss of contrast and frequencies  > NA  will not be transferred at all. Hence,
incoherent imaging systems have higher resolution at the cost of lower contrast,
while coherent systems have higher contrast at the cost of lower resolution.
Most microscopes are neither coherent nor incoherent and are therefore described as
partially coherent. The theory of partially coherent image formation was developed
by Hopkins [121, 152, 153]. It was first applied for contrast transfer calculations in
soft x-ray microscopes by Jochum and Meyer-Ilse [154]. The partial coherence will
affect the image formation if the transverse coherence length T of the illumination
is large compared to the resolution of the objective r , and the ratio m = r T can
be used to quantify the influence of coherence effects. For an incoherently
illuminated condenser with numerical aperture NAC the ratio is given by

m=

NAC
r
=
T
NAO

(3.11)

The coherent case corresponds to m = 0 and the incoherent case to m =  .
Figure 3.1 compares the contrast in terms of modulation as a function of normalized
spatial frequency for different values of m .
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Figure 3.1 – Contrast transfer for different degrees of coherence. Incoherent systems have
the highest resolution, while more coherent systems give more contrast.

In Paper 2 and Ref. [155] we describe an comprehensive numerical method for
partially coherent image formation. The model approximates the condenser as a
secondary incoherent source and each point n on the condenser contributes with a
coherent image of the object. The partially coherent image is formed by the
integration of these individually coherent but mutually incoherent images,

I(Mx,My) =

 F 1 ( A(x ,y )  F (O(x,y)  exp(in )))

2

,

(3.12)

n

where n corresponds to the phase of the illuminating plane wave incident on the
object from condenser point n . Note that the computation speed can be improved
by an alternative implementation of Eq. 3.12, as described in Paper 2. By an
appropriate manipulation of the aperture function and the illumination conditions a
number of imaging techniques can be investigated, such as dark-field microscopy
and phase-contrast microscopy. The aperture function can also be manipulated to
include effects of aberrations or defocusing. Figure 3.2 shows a series of simulated
images of a Ni Siemens star object for different degrees of coherence.
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Figure 3.2 – Influence of coherence on image formation. Simulated images of a 100 nm thick
Ni Siemens star object with a 30 nm zone plate for different degree of coherence. The inner
period corresponds to the Rayleigh resolution.

The model described by Eq. 3.12 is only valid for optically thin objects that can be
described by a complex transmission function. However the DOF of the zone plate
objectives used in soft x-ray microscopes are usually just a few micrometers, e.g.,
the total DOF of a 30 nm zone plate, as defined in Eq. 2.24, is just  1.5 µm . This
is comparable to, or even smaller than, the thickness of samples such as cells.
Previous work on image formation of thick samples have been limited to incoherent
imaging in visible light microscopes [156] or scanning soft x-ray microscopes [157]
and are not applicable for partially coherent full-field soft x-ray microscopes. In
Paper 9 we therefore describe a numerical method for the partially coherent image
formation of optically thick samples, based on the same concept as in Paper 2.
Instead of just multiplying the illumination with the complex object transmission
function, the illumination is propagated through the sample structure using a finite
difference method, and therefore includes effects from multiple scattering within the
sample. Chromatic aberrations are included by a wavelength-dependent aperture
function A (x ,y ) and a spectrum weighted integration. In summary the image is
given by

I(Mx,My) =

  S() 


n

2

F 1 ( A (x ,y )  F ( En (x,y) ) ) ,

(3.13)

where S() is the spectrum and En (x,y) is the result from propagating the
illuminating plane wave from condenser point n , through the sample. The
propagation is a computationally demanding process and the method is today
limited to samples with a constant cross section. However the method is a valuable
tool for evaluating the effects of partial coherence on contrast, resolution and DOF,
as demonstrated by the simulated focus series in Figure 3.3. Note that the DOF of
larger features is longer than the definition in Eq. 2.24, especially for the more
coherent case.
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Figure 3.3 – Simulated focus series through a thick object. The cross section is shown to the
left. It consists of Mylar features (55 - 270 nm diam.) in water. The focus series are based on
a 100 µm diameter 30 nm zone plate objective with illuminations available in our soft x-ray
microscope (see Section 4.1) assuming a bandwidth of   = 1 500 .

3.3. Computed tomography
Computed tomography (CT) is an established 3D imaging technique. It is based the
principle, discovered by Radon [158], that a tomogram of the object can be
reconstructed from its projections. X-rays penetrate objects in a way that
projections are formed, which is utilized in a number of tomographic x-ray imaging
methods. Many reconstruction algorithms have been developed over the years, but
two main approaches exist, back projection methods and algebraic reconstruction
techniques. Several software packages with tools for image processing, alignment,
tomographic reconstruction and visualization exist, and many are free to use, e.g.,
TomoJ [159], Bsoft [160] and IMOD [161]. This section gives a brief introduction to
the theory and methods of CT. For simplicity all derivations here are made in two
dimensions, but are equally valid in 3D. The theory of computed tomography is
thoroughly described in Refs. [162, 163].

3.3.1.

Fourier slice theorem

The theory of CT is closely related to the Fourier slice theorem, which states that
the Fourier transform of a 1D projection is the same as the 2D Fourier transform of
the object taken along a line perpendicular to the projection path. The principle is
illustrated in Figure 3.4. The mathematical formulation of the theorem is given by,

P(, ) = F( cos , sin ),

(3.14)

where  is the projection angle, F(x ,y ) the Fourier transform of the object
f (x,y) and P(, ) is the Fourier transform of the projection p(x , ) in a rotated
coordinate system defined by,
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x  = x cos  + y sin 
y  = y cos   x sin  .

(3.15)
(3.16)

The projection p(x , ) is defined as the integration along the direction of y  ,

p(x , ) =







f (x,y)dy  =  f (x , y )dy 



(3.17)



where f (x , y ) = f (x cos   y sin ,y cos  + x sin ) . Eq. 3.37 is generally known as
the Radon transform, and p(x , ) is referred to as the sinogram of the object.
The Fourier slice theorem can be derived by first inserting the Radon transform
into the polar Fourier transform of p(x , ) , apply a change of variables and finally
identifying the resulting integral as the Cartesian Fourier transform, as shown
below,


P(, ) =



p(x , )e i2x  dx 

(3.18)


 

=

 

f (x , y )e i2x dy dx 

(3.19)

 

f (x,y)e i2(x cos +y sin )dydx

(3.20)

 
 

=

 

= F( cos , sin ).




b

 ,


a

(3.21)










  








 


 






Figure 3.4 – The Fourier slice theorem. (a) illustrates the object while (b) shows its Fourier
transform. The Fourier transform of the two projections shown in (a) correspond to the
object’s Fourier transform along the lines marked in (b).
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The important conclusion from the Fourier slice theorem is that if the projections
are known, so is also the Fourier representation of the object and therefore also the
object itself. In practice the number of projections are finite and the Fourier
representation is therefore only partially known. One method to reconstruct the
object from a set of projections is to interpolate the missing information in Fourier
space. This is the approach of reciprocal space algorithms [160].

3.3.2.

Back projection algorithms

The most common reconstruction algorithm in computed tomography is filtered
back projection (FBP), also referred to as weighted back projection (WBP). It
produces accurate results given an adequate number of projections but, above all, it
is fast and can be computationally parallelized. The theoretical formulation of the
FBP can be derived from the relation between the object f (x,y) and its Fourier
transform,
 

f (x,y) =

 

F(x ,y )e

i2(x x +y y)

dx dy .

(3.22)

 

Changing to polar coordinates ( x =  cos  , y =  sin  ), applying the Fourier
slice theorem (Eq. 3.14), and using the symmetry P(, ) = P(,  + ) to
manipulate the integration limits, yields
2 

f (x,y) =

  F( cos , sin )ei2(x cos +y sin )dd

(3.23)

0 0
 

=



P(, )  e i2x dd .

(3.24)

0 

The inner integral can now be interpreted as the 1D inverse Fourier transform of
P(, ) multiplied with a ramp filter H() =  . Using the fact that the
multiplication in Fourier space corresponds to a convolution in real space gives
 

f (x,y) =



0 



P(, )  H()e i2x dd =

 p(x , )  h(x )d.

(3.25)

0

In other words, the object function f (x,y) can be calculated from a sum of filtered
projections, where each filtered projection is smeared, or back projected along its
projection direction y  . The principle of FBP is demonstrated in Figure 3.5.
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Figure 3.5 – The principle of filtered back projection. (a) shows the object and its projections
at two different angles. (b) illustrates how the corresponding filtered projections contribute to
the reconstruction of the object.

The ramp filter H() =  amplifies higher frequencies, which makes the FBP
sensitive to noise. Reconstructions also suffer from streak artifacts if the projections
are to few, see Figure 3.5. Noise and artifacts can often be reduced, at the cost of
lower resolution, if the filter is modified to suppress high frequencies. Projections
obtained in the laboratory soft x-ray microscope are often noisy and in order to
obtain acceptable high-resolution reconstructions with FBP we reduce noise by
wavelet thresholding, which allows suppression of noise without smoothing of sharp
edges [164]. This approach was used in Paper 6 for the demonstration of 140 nm
resolution laboratory soft x-ray tomography.

3.3.3.

Algebraic reconstruction techniques

Algebraic reconstruction techniques are based on an entirely different approach for
tomographic imaging. Here the object function f (x,y) is assumed to consist of an
array of M unknowns fm , and each of the N measured projection lines pn form an
equation pn =  wn,m fm for the unknowns, where wn,m represents the area
fraction of the m :th pixel intercepted by the n :th projection line, as shown in
Figure 3.6. This results in a linear equation system given by,

p = Wf ,

(3.26)

where W is the weighting matrix with elements wn,m . If the equation system is
underdetermined (N < M), as is the case with few projections, no unique solution
exists. For experimentally collected projections the resulting equation system can
also be non-consistent, e.g., due to noise or alignment errors, which means no
solution f exist so that Eq. 3.26 will hold. The problem is therefore an optimization
problem with the goal of finding the best possible solution. A number of iterative
algorithms exist, each with a slightly different definition of what is best. Generally
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algebraic reconstruction algorithms produce less pronounced artifacts for data with
few projections or with a missing wedge, compared to FBP. Another advantage is
that already known information about the object can be included in the equations.
However the computation time is significantly longer than for FBP.

pn
f1 f2
p2

fm-1

p1

wn

,m

pN-1
pN

fm+1

fM-1 fM

Figure 3.6 – The algebraic reconstruction approach. Each projection line contributes with an
equation for the unknown pixels. The reconstruction is found by solving the resulting
equation system.

The basic approach of many algebraic reconstruction algorithms is to solve the
equations system iteratively, where each iteration i calculates the projection wn fi
along a line n through the current reconstruction fi and compares this with the
corresponding measured projection pn and corrects that line of the reconstruction
based on its error,

p w f
n i
fi +1 = fi +    n
T
 wn wn


w
 n


(3.27)

where wn is the n th row vector of W and  is a relaxation coefficient. This
approach updates the reconstruction line-by-line and results in artifacts if the
corrections are too large. This can to some extent be reduced with a small  , which
also slows down the convergence. In simultaneous iterative reconstruction
techniques (SIRT) [165] the approach is somewhat different. Each iteration of this
algorithm calculates the projections Wfi through a current reconstruction fi and
compares them with the measured ones p , computes the error of each line integral,
and corrects the current reconstruction based on a back projection of the errors.
Each iteration step of the SIRT is given by,

fi +1 = fi +  

WT
 wn,m
m

 p  Wf
i
 
w
  n,m
 n


,




(3.28)

where the normalizing vector divisions are performed element by element. Thus, the
errors of all line integrals is taken into account before the reconstruction is updated,
which results in less artifacts.
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The limited tilt range of the cryogenic sample holder used for tomographic imaging
of cells in Paper 9 results in a missing wedge. A SIRT was therefore employed for
the reconstructions presented there.

3.3.4.

Resolution in reconstructions

The resolution or accuracy of a tomogram is clearly limited by the resolution of the
individual projections and with what accuracy the projections can be aligned.
However, the angular sampling can produce artifacts, since the Fourier
representation of the object is only partially known. The amount of missing
information increases with spatial frequency (see Figure 3.7) and will therefore limit
the accuracy of higher spatial frequencies in the tomogram.









   
 



Figure 3.7 – Sampling in Fourier space. The sampling pattern from a finite number of
sampled projections forms a polar grid in Fourier space. Frequencies for which the angular
sampling is at least equal to the radial can be correctly reconstructed (marked in gray).

The highest frequency max that can be resolved without aliasing using a sampling
frequency s is given by Nyqvist’s sampling criterion  max = s 2 . The distance
between sampling points in the radial direction in Fourier space is given by the
object size D , d = 1 D , and for artifact-free reconstructions, the angular
sampling must at least be the same, as illustrated in Figure 3.7. This leads to the
Crowther criterion [163, 166],

rc =

1
D

,
c
N

(3.29)

which gives the highest spatial frequency c or smallest period r c that can be
reliably reconstructed with N projections, equally distributed between 0° - 180°.
Figure 3.8 demonstrates the effects of angular sampling on FBP reconstructions.
Algebraic reconstructions also suffer from inaccuracies with few projections due to
the underdetermined equation system, but the artifacts are not as pronounced.
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a

rf / rc = 0.5

b

rn / rc = 0.1

rf / rc = 1

c

rn / rc = 0.2

rf / rc = 2

d

rn / rc = 0.4

rf / rc = 5

rn / rc = 1

Figure 3.8 – Reconstruction artifacts. Reconstructions (FBP) with an increasing number of
projections. (b) barely meets the Crowther criterion for the period of the dotted pattern rf ,
while in (c) it is a factor of two higher. The pattern is therefore reliably reconstructed. Note
however the false higher frequencies.

The estimation of resolution in reconstructed tomograms requires sophisticated
analysis methods, because the result from a simple line profile is not reliable due to
the possible false high frequencies. Differential phase residual (DPR) and Fourier
ring correlation (FRC) are two standard methods for resolution analysis in
tomograms [41, 163, 167, 168]. Both are based on comparisons of rings in the
Fourier transform of two independent but normalized reconstructions I 1 and I 2 ,
obtained from the even and odd projections of a data set, respectively. FRC
computes the correlation between the rings, while DPR computes the average phase
difference given by,

(, ) =

 , 2  ( F(I1 ) + F(I 2 ) )
 , F(I1 ) + F(I 2 )

(3.30)

where  the local phase difference and the sums are taken over rings with radius
 and width  . The spatial frequency c for which (c , ) = 45° forms a
criterion for the resolution. This phase difference corresponds to a position
difference of 1 4 of a period. This approach was used for determining the resolution
in Paper 6. An alternative method is to leave one projection out, use the remaining
projections to reconstruct that missing projection and then compare the result with
the measured one.
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3.4. Image formation in soft x-ray tomography
Soft x-ray tomography combines the high resolution of soft x-ray microscopy with
methods from computed tomography, which allows quantitative determination of
the local absorption coefficient (LAC) via Beer Lambert’s law (Eq. 2.3). The
method relies on that the projected densities p(x , ) and the LAC f (x,y) are
related by the Radon transform,

 I(x , ) 
p(x , ) = ln 
=
 I 0







4 (x , y )
dy  =






f (x , y )dy 

(3.31)



where I 0 and I(x , ) are the incident and projected intensities, respectively, and
(x,y) is the imaginary part of the local complex index of refraction. Thus, the
LAC can be reconstructed from a set of computed projected densities.
However, soft x-ray tomography relies on microscope images and not geometrical
projections. Thus, effects of depth of focus (DOF), partial coherence and stray light
on images will influence the quantitative accuracy and resolution of tomograms.
The combination of the numerical model for partially coherent image formation of
thick samples with tomographic reconstruction algorithms and a ray-tracing model
for stray light simulations, allows quantitative analysis of these effects. The models
are useful for understanding how tomographic imaging accuracy and microscope
performance relates to the choice of optical design. The following sections discuss
effects of using non-projection images and stray light on tomographic accuracy.

3.4.1.

Non-projection effects

The performance of three different zone-plate (ZP) objectives, a large-diameter
(100 µm) and a small-diameter (50 µm) 30 nm ZP and a large (100 µm) 50 nm ZP,
for tomographic imaging with the  = 2.48 nm multilayer condenser system (see
Section 4.2) is described in Paper 9. Simulated tomograms of a 5 µm diameter
resolution test phantom consisting of Mylar features in water and a 5 µm diameter
realistic cell phantom show that the LAC will be slightly underestimated for all
ZPs. The accuracy decreases with feature size and sample radius, and the loss of
resolution is larger in the angular direction than in the radial. A compromise
between illumination collection efficiency and reconstruction accuracy is obtained
with large 30 nm ZP. The numerical model can also be used for investigating the
effects caused by the coherence m (Eq. 3.11) in a microscope. It clearly has an
effect on resolution, contrast and DOF (see Figure 3.3) and will therefore affect the
resolution and accuracy of the tomogram. Quantitative simulations, similar to those
in Paper 9, show that aperture matched illumination provides higher resolution but
results in an underestimation of the LAC, much due to the attenuation of higher
frequencies seen in the MTF (see Figure 3.1). The partial coherence obtained when
combining the  = 2.48 nm condenser zone plate arrangement (see Section 4.2)
with a 30 nm zone plate ( m = 0.3 ) results in enhanced contrast and longer DOF at
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the cost of lower resolution. The arrangement overestimates the LAC for larger
features, but for small features close to the resolution limit the high contrast
compensates the effects of blurring, which improves the LAC accuracy. However,
this arrangement requires an aperture close to the sample, which is not compatible
with the present tomography stage.

3.4.2.

Effects of stray light

The multiple non-imaging diffraction orders of a zone plate objective may produce
stray light on the detector. Stray light impairs the image contrast and therefore
affects the dose, or exposure time, needed for a given signal-to-noise ratio.
Moreover, it affects the accuracy of quantitative information in tomographic
imaging. Figure 3.9 demonstrates the influence of stray light on illumination
requirements and error in the reconstructed LAC, for protein and water features in
typical cells, assuming the stray light level is proportional to the illumination.
Although the calculations are based on a simple model they show the importance of
keeping the stray light level low.
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Figure 3.9 – Effects of stray light. (a) shows the needed number of detected non-stray light
photons per sample area I 0 for detection of 100 nm water and protein features inside a 2, 5
and 10 µm cell (15% protein, 85% water) at a SNR = 3 as a function of relative stray light
level s = I S I 0 , where I S is the number of stray light photons per sample area. (b) shows
the relative error µ µ of the measured local absorption coefficient µ for the same
features. Negative error corresponds to a under estimation of µ . All calculations assume an
ideal optic (MTF = 1, 100% efficiency).

In order to understand the origin of stray light and how to mitigate it we have
developed a ray tracing based stray light model. Paper 7 describes it use for
mitigating stray light in imaging with compound zone plates, while Paper 9
describes it use for optimizing the microscope for tomographic imaging. The method
traces rays between the source intensity distribution via the condenser and the
multiple orders of the zone plate and the detector.
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Stray light originates from off-axis illuminating rays heading towards the focal point
of non-imaging diffraction orders, since these rays will be redirected in the direction
of the detector. Figure 3.10a illustrates the principle for the minus first order, which
is the main stray light contributor, due to its high efficiency. Since the stray light
originates from off-axis rays the amount of stray light depends on the illuminated
area in the sample plane and therefore on the illuminated area which scales with
x-ray source size. It also depends on the focal length of the zone plate, e.g., a short
focal length means the multiple foci are closer to the sample plane and more rays
will therefore be directed towards them. Moreover, since the illumination on the
detector provided by the imaging order depends on the zone plate’s ability to collect
the illumination from the condenser, the stray-light ratio will also depend on
numerical aperture and zone plate collection efficiency. Figure 3.10b shows
simulated stray light levels in the center of field of view as a function of
illumination size and focal length for a 30 nm zone plate used with the multilayer
mirror condenser at  = 2.48 nm (see Section 4.1).
Stray light can to some extent be mitigated with a large central stop, but this will
also reduce the illumination. An aperture close to in the sample plane can also be
used, but this makes tomographic imaging complicated. Stray light is best mitigated
by illuminating a small sample area and by choosing zone plates with long focal
lengths, i.e., large zone plates with many zones. Their long working distance makes
tomographic imaging easier and the large number of zones results in chromatic
aberrations that extend the DOF. Note that full-field synchrotron soft x-ray
microscopes usually illuminate a small part of the field of view so stray light is less
of an issue there.
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Figure 3.10 – Stray light from an extended source. (a) Illuminating rays heading towards the
center of the back focal plane are diffracted in the direction of the detector and therefore
produce stray light. (b) Ray tracing simulation showing the stray light level as function
illumination size and focal length for a 30 nm zone plate used with the mirror condenser
arrangement of the microscope at  = 2.48 nm .

4. The Stockholm laboratory soft

x-ray microscope
The Biomedical and X-Ray Physics group in Stockholm have during the last decade
developed laser-plasma based laboratory soft x-ray microscopes compact enough to
fit on an optical table [55, 169]. The present microscope is modular in its design and
allows several modes of operation at two wavelengths,  = 2.48 nm and
 = 3.37 nm . The microscope supports imaging of dry, wet and cryogenic samples,
allow stereo or tomographic imaging and can be equipped with specialized zone
plate objectives for higher-resolution or phase-contrast imaging. All modes of
operation consist of two vacuum systems, one for the source and condenser optics
(  103 mbar ) and one for the imaging side (  107 mbar ). Operation at
 = 2.48 nm is based on a liquid-nitrogen-jet laser-plasma source combined with
either a condenser zone plate (CZP) or a new normal-incidence multilayer mirror
(MLM) condenser, while operation at  = 3.37 nm relies on a methanol-jet target
and a MLM condenser. The arrangements are illustrated in Figure 4.1. The
 = 2.48 nm CZP arrangement is described in detail in Ref. [55] and was used in
combination with phase contrast optics for the experiments in Papers 4 and 5.
Different modes of operation based on the  = 3.37 nm MLM arrangement are
described in Papers 6, 7 and 8, where it was used for soft x-ray tomography,
sub-25-nm resolution microscopy and for studying colloidal soils, respectively. The
new  = 2.48 nm MLM operation mode supports cryo tomographic imaging. It is
described and demonstrated in Paper 9. The following sections briefly describe the
components of the available modes of operation. The performance of the microscope
and its optics is also demonstrated.
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Figure 4.1 – Microscope arrangements. Schematic illustrations of the different modes of
operation. Arrangement (a) allows operation at  = 3.37 nm (methanol target) and
 = 2.48 nm (nitrogen target) and is compatible with the cryo sample stage for tomography.
Arrangement (b) provides more cohrent illumination and can be used in combination with
DIC or Zernike zone plates for phase contrast soft x-ray microscopy.

4.1. Laser-plasma sources
The soft x-ray source is produced by focusing high-energy laser pulses onto the
laminar part of  20 µm diameter liquid methanol or nitrogen jets. These jets are
delivered by nozzles using backing pressures of 5 – 30 bar. The liquid-nitrogen jet
delivery system cools pure nitrogen gas to a temperature just above its freezing
point using a low-pressure (  120 mbar) reservoir of liquid nitrogen. The laser is a
frequency-doubled (  = 532 nm ) Nd:YAG (Coherent Infinity 40 - 100). It delivers
3 ns pulses at repetition rate of 100 Hz with pulse energies of  130 mJ. The focus
is  15 µm (FWHM), resulting in an intensitiy of  2.5  1013 W/cm 2 , thereby
creating a soft x-ray emitting hot dense plasma. The emitted spectra from the
methanol and nitrogen plasmas are shown in Figure 4.2. The microscope uses the
strong hydrogen-like carbon and nitrogen K  emission lines at  = 3.37 nm and
 = 2.48 nm . The bandwidth of these lines is typically   < 1 500 [92]. The
nitrogen line at  = 2.88 nm is well suited for zone plate efficiency measurements
(see Paper 1). The size of the methanol source is 25 µm (FWHM) and it produces a
photon flux of  5  1011 ph./(pulse  sr  line) [94]. The nitrogen source size is
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20 µm (FWHM) and it produces  1  1012 ph./(pulse  sr  line) [93]. The nitrogen
source has a few advantages over the methanol source. The shorter wavelength
penetrates better through thick samples, gives a longer depth of focus and provides
a longer working distance, which all are important for soft x-ray cryo tomography.
Moreover nitrogen is more inert, thereby reducing the deposition of debris that
damage the condenser optics and the laser entrance window.
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Figure 4.2 – Laser plasma emission spectra. To the left, the spectrum from the liquid
methanol target is shown. The spectrum from the liquid nitrogen target is shown to the right.

4.2. Condenser systems
The condenser zone-plate (CZP) system is illustrated in Figure 4.1b. The intense
laser light is first blocked by a 300 nm thick free-standing chromium filter. The
central stop (CS) in front of the CZP blocks illuminating soft x-rays heading
towards the detector. The CZP in combination with the central stop (CS) and an
order-sorting aperture (OSA) placed just before the sample plane act as a
monochromator, selecting the  = 2.478 nm emission line from the plasma. The
CZP has diameter of 4.53 mm and an outermost zone width of 49 nm [54]. The
efficiency of the existing CZP has been measured to  5% , using the arrangement
described in Paper 1. The sample is critically illuminated via 1:1 imaging of the
source onto the sample with a numerical aperture (NA) of 0.013, which means it is
matched to a 95 nm zone plate objective.
The multilayer mirror (MLM) condenser systems for operation at  = 3.37 nm and
 = 2.48 nm are illustrated Figure 4.1a. The systems are similar but employ
different MLM condensers and filters. The needed hollow-cone illumination is
obtained with a CS positioned just after the source. Laser light is blocked by a
300 nm thick chromium or titanium filter placed a few cm before the sample. The
MLMs have a radius of curvature of 350 mm and a diameter of 58 mm. They image
the source onto the sample with a magnification of 1.64 and a NA of 0.063. The
illumination is therefore matched to zone plate objectives with an outermost zone
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width of 20 nm (  = 2.48 nm ) or 27 nm (  = 3.37 nm ). The  = 2.48 nm MLM
consists of 413 bilayers of Cr/V and has an average reflectivity of  0.6% . The
 = 3.37 nm MLM consist of 300 bilayers of Cr/Sc and its reflectivity is  3.5% .
Both MLM use B4C as interdiffusion barriers. Figure 4.3 shows the measured
reflectivity of the mirrors for different radial positions. The bandwidth of the MLMs
effectively selects the wavelengths of operation while suppressing neighboring
emission lines.
The MLM condensers are advantageous over CZP for several reasons. They collect
radiation in large solid angle, the larger NA of the illumination provides higher
resolution, they allow alignment with visual light, the field of view can be made
larger, they are more robust and no OSA is needed close to the sample. However
when more coherence or contrast is needed the CZP system is preferred.
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Figure 4.3 – Multilayer condenser reflectivity. The reflectivity at different radii r for the
two multilayer mirror condensers used for operation at  = 3.37 nm and  = 2.48 nm
respectively. The areas marked in gray correspond to a line width of   = 1 500 .
Measurements performed at PTB, Berlin, courtesy of Sergiy Yulin.

4.3. Sample environments
The microscope now supports two different sample environments. In the first the
sample is kept in a helium atmosphere at atmospheric pressure. It is separated from
the source and image vacuum systems by a silicon-nitride membrane and the zone
plate membrane. This environment allows imaging of both dry and hydrated
samples, prepared on or between sandwiched silicon nitride membranes, or glass
capillaries. Holders for stereo imaging with silicon nitride membranes and
tomographic imaging with glass capillaries have also been fabricated. A 20 
visible-light microscope allows accurate pre-alignment of the sample. The helium
environment was used for the experiments in Papers 4, 5, 6, 7, and 8.
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The other sample environment supports tomographic imaging of cryogenically fixed
samples. The sample stage is a modified transmission electron microscope (TEM)
motorized goniometer stage (FEI), enabling ±90° rotation of commercially
available TEM sample holders. A high-tilt liquid-nitrogen cooled holder (Gatan)
keeps the sample temperature stabile at about 160° C . The sample is kept in
vacuum (  107 mbar ) and is surrounded by liquid-nitrogen-cooled copper shields
to reduce residual water vapor. The sample/image vacuum system is separated from
the source vacuum by the chromium filter. A 6.3  long-working-distance optical
microscope facing the sample from above allows visual inspection. The cryo sample
system has been implemented for use with MLM condensers. The present sample
holder design and the 1.2 mm working distance of a 100 µm diameter 30 nm zone
plate limits the tilt range to about ±50° . This arrangement was used in Paper 9.

4.4. Imaging optics and detector
The microscope employs in-house fabricated nickel zone plates as imaging
objectives. A number of zone-plate objectives are available. Zone plates with
outermost zone widths between 25 - 50 nm and diameters between 50 – 100 µm
have been used for imaging. In addition to conventional zone plates, phase-contrast
zone plates and compound zone plates have been implemented. These zone plates
and their performance are described in following sections.
The image detector is a cooled ( 30° C ), thinned, back-illuminated charge-coupled
device (CCD) (Princeton Instruments). It has 2048  2048 pixels with a pixel size
of 13.5 13.5 µm2 and a quantum efficiency of  60% for the operating wavelengths. The magnification of the microscope can be varied by adjusting the
distance between the objective zone plate and the detector. Typically a
magnification between 600 – 1300 is used.

4.5. Microscope performance
The resolution of the microscope can be evaluated with gold or nickel resolution test
objects consisting of Siemens stars and gratings with various line widths. Figure
4.4a demonstrates the resolution obtained with a 100 µm diameter 30 nm zone plate
and a gold Siemens star object mounted in the tomography sample stage. The inner
lines are 25 nm wide. As seen, the resolution is not uniform in all directions, most
likely due to vibrations. The normalized contrast transfer function (CTF), based on
the Siemens star image is shown together with the theoretical MTF in Figure 4.4b.
Sub-25-nm resolution was demonstrated in Paper 7, using a 50 nm compound zone
plate. This zone plate combines the high efficiency of the first order with the 3 
higher NA of the third order, as illustrated in Figure 4.5a. The implementation of
such an optic requires careful consideration of stray light, especially from the
efficient but unwanted first diffraction order of the outer zones. In Paper 7 we show
that stray light can mitigated by the use of an opaque gold disc placed in the object
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plane of the outer first diffraction order. Figure 4.5b shows the same gold Siemens
star as in Figure 4.4a imaged with the compound zone plate and using an
arrangement less sensitive to vibrations. The inner 25 nm lines are clearly resolved.
The effective stray light reduction of the gold disc is also seen.
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Figure 4.4 – Resolution and contrast transfer. (a) shows an image gold a gold Siemens star
object with an inner line width of 25 nm. (b) compares the measured contrast transfer (CTF)
with the theoretical MTF of the zone plate.
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Figure 4.5 – Compound zone plate imaging. (a) illustrates the concept of the compound zone
plate. The inner part is used in the first order and the outer zones are used in the third,
resulting in 3  higher resolution. The performance of a 50 nm compound zone plate is
demonstrated in (b).
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The tomographic imaging capabilities of the microscope was first investigated and
demonstrated in Paper 6. Since three-dimensional test structures are hard to
fabricate a diatom was used. The diatom was mounted on a glass capillary held by
a manual rotation stage in helium atmosphere. Images with  3.5° tilt increments
were acquired between 0°  180° using a 30 nm zone plate objective and the
 = 3.37 nm MLM condenser arrangement. The images were manually aligned,
corrected for in homogenous illumination and denoised using wavelet thresholding.
A tomogram was then reconstructed using filtered back projection. Figure 4.6 shows
a stereo pair of the reconstructed diatom (cross your eyes to see the 3D image)
along with selected slices through the reconstruction. The tomogram resolution was
analyzed with a differential-phase residual (DPR) method, defined by Eq. 3.30.
Figure 4.6d compares the DPR of the tomogram with the DPR of random noise,
indicating a resolution of 3.6 µm1 which corresponds to  140 nm . Note that the
resolution and accuracy of the tomogram was limited by the relatively large tilt
increments, the depth of focus of the zone plate and the low penetration at
 = 3.37 nm . The new operation mode at  = 2.48 nm is now the preferred mode
for tomographic imaging.
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Figure 4.6 – High-resolution soft x-ray tomography. (a) shows a stereo pair a diatom
tomogram imaged with the laboratory microscope. (b) and (c) show slices through the
reconstructed volume. (d) compares the DPR of the tomogram with noise. Spatial frequencies
for which the DPR > 45° are marked in gray, indicating a resolution of 3.6 µm1 (140 nm).
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4.6. Phase contrast soft x-ray microscopy
Differential interference contrast (DIC) [7] and Zernike phase contrast [8] are widely
used techniques for contrast enhancement in visual light microscopy. The contrast
in DIC is proportional to the phase gradient along a single direction in the sample,
while ZPC relates to the phase and does not depend on direction. The methods
have been adapted to x-ray microscopy where they reduce the needed dose and
exposure time (see Section 2.2). The present Section single zone-plate optics for DIC
and Zernike phase contrast and their implementation for laboratory soft x-ray phase
contrast microscopy is described.

4.6.1.

Differential interference contrast

Differential interference contrast in visual light microscopy is obtained by
separating the illumination in two slightly spatially displaced but mutually coherent
parts. After interaction with the sample the two waves are recombined in the back
focal plane of the objective, which allows them to interfere. The image contrast is
therefore related to the differential phase difference of slightly separated points in
the sample. The separation is called shear and is in the order of the resolution.
Sliding Wollaston prisms are used for the separation and recombination the waves
and allows a bias phase shift between the two waves. The bias is usually chosen so
that the background is at some average image intensity, so that negative and
positive phase gradients in the sample will produce darker and brighter image
intensities, respectively.
The principle for x-ray DIC microscopy is somewhat different, since optical
components like Wollaston prisms do not exist for x-rays. It is based on diffractive
optical elements (DOE) [82], or twin-zone plate objectives [170], which produce two
slightly separated images and, if the degree coherence of illumination is sufficiently
large over the shear distance in the object plane, these images can interfere and
produce differential phase contrast. The theoretical development of a single-element
DIC optic tailored to the coherence provided in the laboratory microscope is
described in detail in Paper 3. It is shown that a zone plate where a part of the
pattern is inverted, illustrated in Figure 4.7a, will produce a point-spread function
consisting of two spots. The shear and bias between the spots depend on the
position of the phase cut (the position where the pattern is inverted), as illustrated
in Figure 4.7b. By placing the phase cut at half the zone plate radius rN the shear
is small enough that the degree of coherence in an arrangement with m = 0.5
(Eq. 3.11) is sufficient for interference contrast. This results in a bias of  3 and a
shear slightly smaller than the Rayleigh resolution of the optic.
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Figure 4.7 – DIC zone plate properties. A zone plate with a phase cut produces a double
focal spot. The separation (shear) and the phase difference (bias) of the two spots depend on
phase cut position. The shear could therefore be adjusted to the lower degree of coherence of
the illumination in our laboratory microscope.

Such a side-cut optic, with a diameter of 75 µm and r = 50 nm , was fabricated in
nickel for the  = 2.48 nm condenser zone plate arrangement of the microscope. Its
performance is demonstrated in Paper 4. Figure 4.8a shows an image of a  90 nm
thick nickel Siemens star object, which provides a phase shift of   3 . The image
exhibits typical differential interference contrast in addition to absorption contrast.
This is seen as dark and bright edge enhancements in the direction of shear
originating from the positive and negative phase gradients of the object. Figure 4.8b
shows angular line profiles of the Siemens star image to demonstrate the difference
between DIC and absorption contrast. Large periodic structures are enhanced by
edge effects, while smaller periods approaching the resolution are imaged with an
increased modulation. A maximum contrast increase of a factor of  2 was
observed for this object.
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Figure 4.8 – Laboratory DIC soft x-ray microscopy. (a) shows an image of a ~90 nm thick
nickel Siemens star obtained with the DIC zone plate. The image exhibits typical DIC phase
contrast seen as dark and bright edge enhancements in the direction of shear. The inner
period is 150 nm.
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Zernike phase contrast

Zernike phase contrast is obtained from the interference of undiffracted and
diffracted light from the sample when the phase of the undiffracted light is shifted.
The principle can be understood by studying the field P(x,y) after a weakly phase
shifting sample O(x,y) = exp(i(x,y)) illuminated by a plane wave,

P(x,y) = exp(i(x,y))  1 + i(x,y).

(4.1)

The far-field diffraction pattern of P(x,y) is according to the theory of diffraction
given by its Fourier transform. Hence, it will also appear in the back-focal plane of
an imaging objective. The Fourier transform of 1 is a Dirac point on the optical axis
and therefore represents undiffracted light, while the Fourier transform of i(x,y) is
spread over the Fourier plane and represents the diffracted light.
2

The image intensity I(x,y) is proportional to P(x,y) , so if the phase of the
undiffracted light is shifted by ±  2 (positive and negative phase contrast) the
phase information of the object can be transformed into image intensity,

I(x,y)  ( (x,y) ± 1 )

2

(4.2)

The phase shift is usually achieved by employing hollow-cone illumination and by
inserting a corresponding phase-shifting and somewhat absorbing ring in the back
focal plane of the objective. This ring also shifts low spatial frequencies producing
shade-offs or halo effect typical for Zernike phase contrast. A phase ring in the back
focal plane can also be used for x-ray Zernike-phase-contrast microscopy [73, 76,
171, 172]. However, in soft x-ray microscopes where the focal length is only a
millimeter or so the implementation of such a phase ring is more complicated and
materials that provide a phase shift of  2 without significant absorption do not
exist, e.g., the nickel transmission is 0.48 at  = 2.48 nm .
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Figure 4.9 – Single optic for Zernike phase contrast. (a) illustrates the Zernike zone plate
pattern, while (b) shows that undiffracted light from off-axis points misses the phase ring so
that the contrast is limited to center of field of view.
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In Paper 5 we therefore describe a concept for single optic Zernike phase contrast. It
is based on the integration of the phase ring into the zone plate pattern by slightly
shifting the position of zones directly illuminated by the hollow cone form sample
points near the optical axis. A phase shift of  2 or  2 is obtained by
translating these zones by a quarter period outward or inward, respectively. The
principle is illustrated in Figure 4.9. However, moving the phase ring to the plane of
the optic result in that undiffracted light from off-axis points in the sample plane
will miss the phase ring. The phase contrast is therefore limited to the center of
field of view. The size of this area depends on the focal length and the width of the
phase ring.
Paper 5 demonstrates the performance of a 75 µm diameter 50 nm Zernike zone
plate with negative phase contrast. Its phase ring was adapted to the hollow cone
illumination of the  = 2.48 nm zone plate condenser arrangement but 3  wider.
Figure 4.10 compares the contrast mechanism of negative phase contrast (a and c)
with normal absorption contrast (b) for nickel test objects. Note that negative
phase contrast for soft x-rays results in bright nickel lines, because the index of
refraction of nickel is less than unity. The image contrast is therefore inverted
compared to the absorption image. Figure 4.10 clearly shows that the Zernike
contrast is limited to the center of field on view. Zone plates based on the same
concept has been tested in a synchrotron x-ray microscope in Ref. [83].
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Figure 4.10 – Zernike phase contrast soft x-ray microscopy. (a) shows a nickel Siemens star
object imaged with negative phase contrast. The phase contrast decreases towards the outer
field of view. (c) shows a phase contrast image of 80 nm nickel lines and spaces. The exact
same object is imaged with absorption contrast in (b).
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4.7. Future improvements
With the present laser plasma source the exposure time for obtaining high quality
images is in the order of a few minutes depending on the sample and the data for a
full tomogram can be collected within a day. To reduce the exposure time a new
high-repetition rate laser has been implemented. It delivers 150 mJ pulses with 1 ns
duration at a repetition rate of 2 kHz. With the regenerative nature of the liquid jet
target this laser could in theory increase the source brightness with a factor of 20.
However, the system is presently hampered by jet instabilities, which need to be
resolved. Combined with an improved multilayer condenser or a large-numericalaperture zone-plate condenser exposure times in the range of a few seconds should
be achievable. These improvements are important for making tomographic
acquisitions practical. They are also important for achieving higher resolution, e.g.,
with the in-house fabricated 13 nm zone plates, where the signal-to-noise ration is a
limiting factor. Other improvements include a modification of the sample holder and
the fabrication of large long-working-distance zone plate objectives so that the full
±80° rotation capability of the high-tilt cryo holder can be utilized. Moreover, for
high-resolution imaging of samples thicker than the typical depth of focus may
require the development of extended-depth-of-focus optics [173] or use of iterative
algorithms [174].

5. Biological and environmental

applications
Water-window soft x-ray microscopy allows imaging of thick hydrated samples at
high resolution with out staining or slicing. Biological samples, such as whole cells
can be imaged in a hydrated near-native state via cryo fixation, while more dose
resistant samples such as colloidal soils can be studied in their natural hydrated
state. The applicability of laboratory soft x-ray microscopy for studies of such
samples is demonstrated and described in detail in Papers 8 and 9. This Chapter
briefly describes the methods used and demonstrates some of the results.

5.1. Cryo imaging of biological samples
The new cryo-imaging capability of the laboratory microscope has been used for
studying a number of biological samples. The preparation of the sample is crucial
for achieving reliable images. Biological samples must first of all be cultured
properly. For this we have relied on the expertise of our collaborators who supply
the samples. The cryo preparation is also crucial, since ice crystal formation can
damage the sample structure. However, for cooling rates > 104 K/s vitreous ice will
form instead. We use a plunge-freezing method. The hydrated samples are first
transferred to hydrophilic carbon-film-coated TEM grids. Excess liquid is then
removed so that the remaining water layer is < 10 µm , which ensures efficient
cooling and sufficient penetration of soft x-rays. The sample is then quickly plunged
into liquid-nitrogen cooled liquid ethane (  90 K ) before the water film evaporates.
Ethane remains liquid in a large temperature range (90 – 184 K), it has a high
thermal conductivity and specific heat capacity which provides efficient cooling.
The sample grid is then mounted in the nitrogen-cooled high-tilt holder and
transferred into the microscope vacuum system through a load-lock in the
goniometer stage. Images are then acquired using the  = 2.48 nm MLM operation
mode and a 100 µm diameter 30 nm zone plate objective. Figure 5.1 shows a
selection of acquired images of cells and parasites. Figure 5.3a shows a twodimensional (2D) image of a necrotic human kidney cell, while Figure 5.2b shows a

57

58

CHAPTER 5 - BIOLOGICAL AND ENVIRONMENTAL
APPLICATIONS

section through a 3D tomogram of the same cell, reconstructed from a tilt series of
58 images between ±44° employing a simultaneous iterative reconstruction
technique (SIRT). The tomogram clearly reveals the inner cell structure, not seen in
a simple 2D image because the structures overlap each other. Laboratory soft x-ray
cryo tomography of yeast is demonstrated in Paper 9.
a

b

5 µm

c

5 µm

d

5 µm

5 µm

Figure 5.1 – Cryo soft x-ray microscopy. Images of unstained cryo fixed yeast cells (a), Spironucleus salmonicida parasites (b), human immune system B-cells (c) and a Giardia lamblia
parasite (d).
a

b

5 µm

5 µm

Figure 5.2 – Laboratory soft x-ray cryo tomography. Comparison of a two-dimensional image
(a) and a section through the reconstructed tomogram (b) of a necrotic human kidney cell.

5.2 WET SOIL IMAGING
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5.2. Wet soil imaging
Soft x-ray microscopy is suitable for imaging of, e.g., soil and sediments, since it
allows morphological imaging on the nano-scale in their natural aqueous state [175].
In collaboration with researchers from the field we investigated the applicability of
laboratory soft x-ray microscopy for imaging of such wet samples. Both wet and dry
samples were studied for comparison. Dry samples were prepared by dropping the
sample dispersion on a 100 nm thick silicon nitride membrane and letting it dry.
For wet samples, drops of sample dispersions were held between two such
membranes, resulting in a sample thickness in the range of a few µm. The samples
were mounted in the helium environment with a ±8° tiltable holder allowing stereo
imaging. The samples were imaged with a 25 nm zone plate objective using the
 = 3.37 nm MLM arrangement. Figure 5.3 shows selected images of aqueous
chernozem soil and nontronite clay particles.
a

b

5 µm

Figure 5.3 – Soft x-ray microscopy of hydrated soils. (a) Colloidal particles of a chernozem
soil in aqueous suspension. (b) Aqueous nontronite clay. Nontronite consists of small clay
platelets clearly visible in an aqueous environment. These structures are not seen in a dry
state.

6. Summary of papers
This thesis is based on the following papers. Papers 6, 8, and 9 relate to the
development of the Stockholm laboratory soft x-ray microscope towards stereo and
tomographic imaging, papers 2 and 8 to numerical image-formation models for
system analysis and development of optics, while papers 1, 3, 4, 5, and 7 relate to
the development or characterization of specialized soft x-ray optics. The author had
the main responsibility for the work presented in papers 1, 3, 5, 7 and 8, including
preparation and execution of experiments, simulations and calculations, analysis
and processing of results and writing of the papers. In papers 2, 3, 5, and 7 the
author actively contributed to the development of ideas and concepts, and the
preparation and execution of experiments. The fabrication of x-ray optical
components was done by others.
Paper 1 presents a laser-plasma based instrument for accurate measurements of
absolute and local efficiency of soft x-ray zone plates. It is based on a simultaneous
comparison of the first diffraction-order with a calibrated reference, which
eliminates source fluctuation errors. The instrument is demonstrated by
measurements on in-house fabricated nickel zone plates. The laboratory scale of the
instrument allows for rapid feedback to the fabrication process, which is important
for fabrication development.
Paper 2 describes a numerical method for simulating partially coherent image
formation in two dimensions. The model approximates the condenser as a secondary
incoherent source and is valid for the laboratory soft x-ray microscope. Simulated
images are compared to experimental results, showing qualitative agreement.
Paper 3 describes the theoretical development of a differential-interference contrast
soft x-ray optic. The requirement on spatial coherence of the illumination in this
type of imaging is explained. The optic produces a wavefront separation similar to
the resolution, so that it is not impaired, and allows for phase contrast imaging with
a more relaxed requirement on the coherence.
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Paper 4 demonstrates differential-interference contrast soft x-ray microscopy in a
laboratory microscope performed with the type of optic described in paper 2. The
characteristic edge contrast enhancements associated with DIC imaging are clearly
visible in images of a Nickel Siemens star object. A maximal modulation increase of
a factor of 2 was achieved.
Paper 5 describes the concept of a single-optic Zernike phase contrast optic and its
implementation in a laboratory soft x-ray microscope. The performance is
demonstrated by comparing images of the same Nickel structure imaged with the
Zernike optic and a conventional optic. The phase contrast image exhibits inverted
contrast, typical of positive Zernike phase contrast, with a 25% modulation increase
compared to the absorption image. The effect is however limited to the central part
of the field of view.
Paper 6 reports on high-resolution tomographic imaging of a dose-resistant diatom
sample, performed with a laboratory soft x-ray microscope. Here 53 images,
acquired from 0 - 180 degrees of rotation, are combined to form a 3D tomogram of
the sample. The resolution is rigorously analyzed with a differential phase residual
method, indicating a resolution better than 140 nm.
Paper 7 describes the implementation of a compound zone plate in a laboratory soft
x-ray microscope. The optic combines the diffraction efficiency of the first order
with the high numerical aperture of the third order. The stray light origination from
negative and higher orders is investigated and mitigated by combining a large
central stop and an order-blocker. Better than 25 nm resolution is demonstrated
with a 50 nm outer zone width compound zone plate.
Paper 8 demonstrates laboratory soft x-ray 2D and stereo microscopy as a powerful
tool for soil research. It is unique in the sense that it enables imaging of the
morphology of colloidal soils in their natural aqueous environment in the research
laboratory. High quality images of e.g., Luvisoil, Chernozem and Nontronite clay
are shown.
Paper 9 describes high-resolution tomographic imaging of biological samples with a
laboratory soft x-ray microscope. The implementation of a tiltable cryo holder and
state of the art multilayer condenser optics for operation at  = 2.48 nm allows for
imaging of several micron thick unsliced cryo-fixated samples. High-resolution 2D
images and 3D tomographic reconstructions that reveal inner structures of parasites
and cells are shown. The paper also describes numerical models for partially
coherent image formation of thick samples in soft x-ray microscopes, and stray light
calculations, useful for understanding how the performance of tomographic imaging
relates to choice of optical design.
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