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Soft x-ray microscopy in the water window (∼285−535 eV) is an emerging and unique tool for 2D and 3D imaging of
unstained intact cellular samples in their near-native state with few-10-nm detail. However, present microscopes rely
on the high x-ray brightness of synchrotron-radiation sources. Having access to water-window microscopy in the home
laboratory would increase the impact and extend the applicability of the method. In the present paper, we review three
decades of efforts to build laboratory water-window microscopes and conclude that the method is now reaching the
maturity to allow biological studies. The instruments as well as their key components are quantitatively and qualitatively compared. We find that the brightness and the reliability of the laboratory source are the most critical parameters,
but that the optics as well as the sample preparation also must be optimized to enable high-resolution imaging with
adequate exposure times. We then describe the two sister microscopes in Stockholm and Berlin, which allow reliable
high-resolution biological imaging with short exposure times of a few tens of seconds in 2D and a few tens of minutes
in 3D. They both rely on a liquid-jet laser-plasma source combined with high-reflectivity normal-incidence multilayer
condenser optics, high-resolution zone-plate imaging optics, CCD detection, and cryogenic sample handling. Finally,
we present several examples of biological imaging demonstrating the unique properties of these instruments. © 2020
Optical Society of America under the terms of the OSA Open Access Publishing Agreement
https://doi.org/10.1364/OPTICA.393014

1. INTRODUCTION
Microscopy allows us to observe life processes that span the entire
range from the single-molecule level to the cellular and tissue
level. However, we still lack methods that allow 10-nm-range
three-dimensional (3D) imaging in intact thick objects such
as cells or tissue. Present high-resolution methods are typically
limited to thin objects, small volumes, or processed samples,
making it difficult to study nanometer detail in the context of the
full undisturbed cell-biological system. Examples of such tools
include electron and scanned-probe microscopes, which require
thin samples or surfaces, respectively, and superresolution optical
microscopes (STED, PALM, etc.), which have intrinsic difficulties
providing full 3D imaging with reasonable exposure times.
X rays have the short wavelength and the appropriate absorption and scattering properties necessary for high-resolution
imaging of thick objects. X-ray methods are therefore emerging
as the prime candidate for 3D nano-imaging of intact unstained
cells in their native or near-native state. The two major classes of
imaging methods are lens-based soft x-ray microscopy (XRM)
[1–4] and lensless hard x-ray coherent diffraction imaging (CDI)
2334-2536/20/060658-17 Journal © 2020 Optical Society of America

[5]. CDI is the more recent method. It has a potential dose advantage by avoiding lenses and presently claims 25–50 nm half-period
resolution on freeze-dried cells. XRM in the water window [1,3,4]
demonstrates the same resolution but, importantly, on cryo-fixed
hydrated cells, thereby allowing XRM to show many biological results of high relevance. Both methods are enabled by the
high-brightness x-ray sources provided at large-scale facilities for
synchrotron radiation or free-electron lasers, thereby limiting the
accessibility to and use of the methods for biological scientists.
Only soft x-ray microscopy has the potential to go laboratory
scale. CDI requires much more coherent photon flux than present
laboratory soft x-ray sources can provide.
Soft XRM in the water window (λ ≈ 2.3−4.3 nm,
E ≈ 285−535 eV) allows high-resolution imaging of intact,
thick hydrated samples with natural contrast. The basic idea is
to use the large difference in absorption between carbon (e.g.,
proteins and lipids) and oxygen (e.g., water) in the water window.
The use of this short wavelength also has the advantage that diffraction in principle allows for 2–4 nm resolution. In addition to the
work with natural contrast, biochemical sensitivity and selectivity
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may be obtained with protein-specific x-ray-sensitive probes. In
the last couple of years, 3D soft x-ray microscopy of cryo-fixed
cells (“x-ray cryo-tomography”) has emerged and is now delivering unique results on a wide range of biologically relevant topics
[6–9]. As in electron microscopy, cryogenic sample preparation
is essential for mitigating dose damage. In addition to providing
3D images of intact hydrated cells in their near-native state, x-ray
cryo-tomography allows classification of different intracellular
structures (e.g., lipid droplets, mitochondria, nuclei, vacuoles) due
to quantitative determination of the local absorption coefficient
via Beer–Lambert’s law, in analogy to the macroscopic x-ray imaging of computed tomography (CT). These results have all been
obtained at the (few) soft x-ray microscopes presently available
at synchrotron-radiation facilities. However, many biological
researchers would benefit from having everyday access to an x-ray
microscope in their home laboratories.
After several years of research and development, laboratory
water-window x-ray microscopes are now reaching maturity
[10,11]. The major advantages of a laboratory-scale microscope
compared to a synchrotron-based instrument are 1) easier integration with any complementary methods in the home laboratory;
2) increased access for a wider user community; and 3) unlimited
“beam time,” therefore allowing the often time-consuming but
crucial iterative optimization of sample preparation techniques
for each biological task under investigation. In the present paper,
we will first review the field of laboratory soft x-ray microscopy for
cell-biological applications, then discuss the design of two state-ofthe-art laboratory microscopes, and finally give several examples of
unique biological imaging with these instruments.
2. LABORATORY SOFT X-RAY MICROSCOPES
A. Contact XRM

Soft x-ray contact microscopy was first developed at the IBM T.
J. Watson Research Center [12]. While the early experiments
relied on a synchrotron-radiation source, the development of
laser-plasma sources soon allowed this technique to be performed
in the laboratory [13,14]. In contact microscopy, the specimen is
placed directly on or in close proximity to a high-resolution x-ray
sensitive resist (e.g., PMMA) and is then irradiated by soft x-rays.
The exposed resist is subsequently developed so that its resulting
topography reveals the specimen’s absorbance. This 1:1 image of
the specimen can be detected by high-resolution methods, e.g.,
scanning electron microscopy or atomic force microscopy. In
recent years, laboratory contact microscopy has been conducted at
the Military University of Technology in Warsaw [15], the Japan
Atomic Energy Research Agency in Kyoto [16], and the Institute of
Multidisciplinary Research for Advanced Materials in Sendai [17].
Soft x-ray contact microscopy has the principal advantage of
allowing short single-pulse exposures with high-power laser plasmas, thereby avoiding the radiation-dose issues that come with
imaging at noncryogenic temperatures. However, the spatial
resolution and image quality is typically limited by diffraction and penumbral blur due to the finite sample thickness and
sample-to-resist distance as well as by nonlinear effects in the resist
development [18–20]. These limitations, together with the timeconsuming readout, have hindered the method from producing
results of biological relevance.
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B. Scanning XRM

Scanning transmission XRM (STXM) was pioneered by Kirz and
coworkers at Stony Brook and first demonstrated at a synchrotron
radiation source [21]. In the original STXM, a zone-plate-focused
soft x-ray beam is scanned over the sample, sequentially recording
the transmission at each pixel. In recent years, this powerful principle has been extended to recording, e.g., x-ray fluorescence for
determining elemental composition or ptychography for sub-x-ray
spot-size resolution imaging. The method is extensively used at
synchrotron-radiation facilities, where both high photon flux and
high coherence are available (e.g., Elettra [22], ALS [23], CLS
[24], ESRF [25], APS [26], PETRA III [27]).
Unfortunately, laboratory soft x-ray sources do not have the
brightness to allow scanning soft XRM with acceptable acquisition times in the home laboratory. In Ref. [28], the potential
of laser-produced plasma sources for STXM was investigated.
Subsequently, a few proof-of-principle experiments with tabletop
scanning soft x-ray microscopes were published [29,30] in the
1990s, but no attempts have been reported since.
C. Full-Field XRM

Full-field transmission soft XRM (TXM) was pioneered by
Schmahl and coworkers in Göttingen and first demonstrated at
synchrotron-radiation facilities [31]. The basic TXM arrangement
resembles that of a conventional visible-light microscope, i.e., a
condenser illuminates the object and a high-resolution zone-plate
optic produces a magnified absorption-contrast image on the
detector. Contrary to the visible-light microscope, the sample
can be mounted on a rotational stage to enable tomographic 3D
imaging by recording several angular projections. Key enablers
for recent high-resolution biological imaging [3,4,6–9,32–34]
are high-quality x-ray optics and cryogenic sample preparation
to avoid radiation damage. State-of-the-art synchrotron-based
full-field water-window TXMs are in operation at ALS/Berkeley
[3,35], HZB/Berlin [4,36], and ALBA/Barcelona [7,37].
The first attempt to build a laboratory soft x-ray microscope was
also made by Schmahl and coworkers in 1992 [38]. The general
x-ray optical arrangement is the same as for the synchrotron microscope, and the key issue is finding a sufficiently bright and reliable
laboratory x-ray source. This first laboratory microscope was based
on a nitrogen-gas discharge plasma source [39], providing line
emission suitable for diffractive zone-plate high-resolution optics.
To date, soft XRM based on different types of discharge sources
has been demonstrated by the Institute for Laser Technology (ILT)
in Aachen [40] and by Energetiq, in Massachusetts [41]. The
discharge plasma sources are attractive due to their compactness,
stability, reliability, and large flux. Unfortunately, present discharge
sources typically produce a large source size, resulting in a limited
x-ray brightness. Thus, x-ray microscopes using these sources have
so far had difficulty reaching an observable resolution significantly
better than that of a visible-light microscope when operated at
acceptable exposure times. Soft XRM with higher resolution
requires a brighter source.
The first laboratory soft x-ray transmission microscope with
subvisible resolution was demonstrated by Hertz and coworkers at
the Royal Institute of Technology (KTH) in Stockholm in 2000
[10]. It was based on a liquid-jet high-brightness laser-plasma
source providing a regenerative target and narrow-bandwidth
line emission in combination with a multilayer condenser mirror
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and zone-plate optics. This microscope design has since evolved
and now includes a higher-power laser as well as cryogenic and
tomographic sample handling, enabling short-exposure biological imaging with high resolution [11]. A sister microscope
based on the same principles was designed by Stiel and coworkers and is now operated at the Berlin Laboratory for Innovative
X-Ray Technologies (BLiX) at the Technical University (TU) of
Berlin [42]. These two microscopes have demonstrated imaging with early synchrotron-like quality and acceptable exposure
times, allowing unique and relevant biological imaging. They are
described in more detail in Section 4.
Several other groups have demonstrated soft XRM using different types of laser-plasma sources. This includes systems based
on regenerative gas-puff laser plasmas (Military University of
Technology (MUT) in Warsaw [43] and Laser-Laboratorium
Göttingen [44]), solid-metal target laser plasmas (Tsukuba
[45] and SiriusXT in Dublin [46]), and liquid-jet laser plasmas
(Wonkwang in Korea [47]). In addition, we note an attempt to
build a microscope based on an electron-impact source (University
of Tokyo) [48]. Several of these instruments have potential but
have not yet demonstrated high-resolution biological imaging,
primarily since the present source performance is insufficient.
With improved source brightness, these designs, just as with the
discharge-based microscopes, may become interesting alternatives.
3. LABORATORY FULL-FIELD WATER-WINDOW
MICROSCOPES
A. Introduction

The general arrangement of a laboratory full-field soft x-ray microscope is depicted in Fig. 1. It consists of an x-ray source, condenser
optics, a high-resolution imaging objective, and an x-ray detector.
The condenser, which collects the emission from the source to
illuminate the sample, can either be positioned between the source
and the sample, as shown in Fig. 1, or behind the source. The latter
would be the arrangement used with a normal-incidence condenser mirror. In either case, a central stop must be placed between
the source and the sample to block direct light from the source
flooding the detector. This results in the characteristic hollow-cone
illumination. The inset in Fig. 1 depicts the water window and its
natural carbon/oxygen contrast, indicating the advantage of operating the microscope at around 500 eV for maximum transmission
through typical cell-biological samples.
The major difference between synchrotron-based soft x-ray
microscopes and laboratory soft x-ray microscopes is the lower
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brightness of the laboratory x-ray sources, making it difficult to
obtain high spatial-resolution laboratory imaging with acceptable
exposure times. Thus, when designing a laboratory microscope,
a bright source is essential, but is still not sufficient on its own.
In addition, it is necessary to ensure that every component in the
rest of the system as well as the overall system design is as photonefficient as possible. In the next few sections, we quantitatively
and qualitatively discuss the key components of the full-field
transmission water-window x-ray microscope.
B. Sources

The x-ray source is the most crucial component in the x-ray microscope. Essentially, the source has to deliver a sufficient number of
x-ray photons per unit time, from a sufficiently small area, and with
a suitable spectral bandwidth. In this respect, all available laboratory water-window sources are inferior to synchrotron-radiation
sources. Figure 2 summarizes the principles of operation of the
different types of laboratory sources used for TXM.
The figure of merit commonly used to compare x-ray sources
is the spectral brightness, sometimes called brilliance or brightness
for short, defined as photons/(s × sr × µm2 × 0.1%BW). We
note that this figure of merit is relevant in the sense that it describes
the intensity of photons that can be used for imaging. A higher
illumination intensity gives shorter exposure times, which is key to
useful operation and the limiting factor in many laboratory x-ray
microscopes. On the other hand, a larger solid angle of emission
or a larger source area (both resulting in lower brightness) is not
always a disadvantage in TXM. Nevertheless, comparison of the
spectral brightness can provide a general overview and a good
starting point for a more detailed discussion. Figure 3 compares
the spectral brightness of laboratory as well as synchrotron sources
[49,50].
1. Discharge Sources

The principle of discharge x-ray sources is to generate a hot plasma
by driving a high-current pulse through a low-pressure gaseous
target [cf. Fig. 2(e)]. The gas is injected into the gap between an
anode and a cathode, where the plasma is ignited [51], or into
an electrodeless, inductively coupled setup [52]. The plasma is
initially formed with a density and temperature that is too low to
produce considerable emission in the x-ray regime, but the free
charges quickly induce a strong magnetic field that pulls the plasma
toward the central axis [53]. The plasma is thereby compressed,
and the temperature is increased. This process is known as Z pinch,

Fig. 1. Schematic arrangement of a transmission x-ray microscope with its most important components: source, condenser, sample, high-resolution
objective, and detector. The inset depicts the water-window contrast mechanism.
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Fig. 2. Experimental arrangement of the major types of laboratory soft x-ray sources used for water-window microscopy. Laser plasma with (a) liquid-jet
target, (b) gas-puff target, (c) solid target, (d) tape target, (e) pinch-plasma discharge source; electron-impact source with (f ) liquid-jet target and (g) solid
target.

transitions. In the ideal case, the peak wavelength given by Wien’s
displacement law overlaps with the desired emission lines.
Discharge sources are currently used for x-ray generation in the
water window [40,41]. They have also been used as sources for UV
and extreme-UV (EUV) lithography, even though the laser-plasma
sources have lately taken over much of this market [56,57].
2. Laser-Plasma Sources

Laser plasmas are created by focusing a high-power pulsed laser
onto a target material. The incident laser light undergoes dissipative absorption, thereby thermally heating the material to form
a plasma. The free electrons then continue to absorb energy by
inverse bremsstrahlung, increasing the plasma temperature. As
the laser light, of wavelength λ, propagates into the material the
electron density increases until it reaches the critical density [58],
nc =
Fig. 3. Brightness of water-window laboratory sources used for microscopy (LP, laser plasma). The water-window energy range is indicated by
the blue bar. For comparison, microscopy beamlines at three synchrotrons
are included (U, undulator; BM, bending magnet).

and sources of this kind are referred to as pinch-plasma sources
[51,54]. In addition, pseudo-spark geometries, using a hollow
cathode (or anode), can help to compress the plasma and thereby
achieve the desired emission [51,55].
The properties of x-ray emission can be partly explained by considering blackbody radiation and Wien’s displacement law,
λpeak =

2.898 · 106 nm · K
.
T

(1)

It tells us that x-rays in the water window are emitted at temperatures of ∼106 K. The total emission spectrum will consist of
broadband bremsstrahlung emission combined with elementspecific emission lines corresponding to discrete electronic

1.11 · 109 µm−1
,
λ2

(2)

where the wave can no longer propagate and is instead reflected
back and lost. Close to the critical electron density, the energy
transfer is the most efficient, and consequently, a region of intense
x-ray emission is created [58].
The basic properties of the x-ray emission from laser plasmas
can be understood following the discussion for the discharge
plasmas above. The peak wavelength according to Wien’s displacement law should ideally coincide with the characteristic emission
lines of the target material. Strong emission in the water window
is obtained at plasma temperatures of ∼106 K. It has been shown
that the x-ray conversion efficiency of solid Au target laser plasmas
is a few tens of percent for λ = 1.06 µm Nd lasers, and somewhat
higher for the second- (0.53 µm) and fourth- (0.26 µm) harmonics
[59]. By considering an equilibrium between incident and outgoing radiation, using the approximate conversion efficiency and
the Stefan–Boltzmann law, it can be shown that laser intensities of
approximately 1014 W/cm2 are suitable for this application.
Laser-plasma sources used for XRM in the water window
have utilized a wide range of target materials and target delivery
methods. Figures 2(a)–2(d) depicts the major types, solid bulk
[16,45,60,61], solid tape [30], liquid jet [62–65], and gas-puff

Review
targets [66]. There is an obvious benefit of having a regenerative
target, such as a liquid or a gas, since each laser pulse destroys the
material. A continuous liquid jet typically operates with velocities of 20−50 m/s [67], providing new target material at a rate
that allows for laser repetition rates up to several kilohertz, which
translates to high average x-ray power and brightness. Gas targets
typically operate with discrete gas puffs, which requires synchronization with the laser [43] as well as evacuation of the gas between
pulses. The latter will effectively limit the repetition rate of the laser
to around 10 Hz.
3. Electron-Impact Sources

Conventional electron-impact x-ray sources have been developed
for the water window and are based either on solid targets, with a
high oxygen content, such as metal oxides [48,68] or liquid water
jets [69,70] [cf. Figs. 2(f )–2(g)]. These sources emit oxygen K α
photons by the interaction of a high-power electron beam with the
target material. However, it should also be noted that secondary
Auger decay will absorb a considerable part of the incident energy,
especially for low-Z elements [68]. Since the photon energy of
the oxygen K α line is located at 525 eV, the effective penetration
depth of the radiation in biological material is comparable to the
corresponding values of laser-plasma and pinch-plasma sources
operating with nitrogen as a target material.
4. Coherent Laboratory Sources

Due to their good beam properties, coherent x-ray sources,
such as high harmonics generation (HHG) [71,72], plasmabased x-ray lasers (XRLs) [73,74], or betatron radiation
produced by laser-wakefield accelerators (LWFAs) [75]
initially emerged as promising candidates for laboratory
XRM. The brightness of these sources covers a broad range
[76] from 106 photons/(s × sr × µm2 × 0.1%BW) up to
1015 photons/(s × sr × µm2 × 0.1%BW), depending on the
operating principle, the pump laser, and the target material.
Although the performance of these sources has already been
demonstrated for XRM in the EUV [76,77] and hard x-ray [78]
regions, the application to water-window microscopy is mainly
hindered by low flux (HHG) and huge and expensive pump lasers
(XRL, LWFA). The brightness of HHG sources at the oxygen K
edge could be increased once high-repetition rate mid-IR lasers
become available. However, due to the high spatial coherence,
these sources are better suited for techniques other than transmission x-ray microscopes, like CDI, ptychography, etc. For
this reason, the coherent laboratory sources will not be further
discussed here.
5. Comparison and Evaluation

Figure 3 summarizes the average spectral brightness of x-ray sources
developed for laboratory XRM in the water window. For comparison, synchrotron sources based on undulator (U) and bending
magnet (BM) radiation are included. We note that the liquid-jet
laser plasmas stick out among the laboratory sources with around
1012 photons/(s × sr × µm2 × 0.1%BW) [79], approaching
the brightness of early BMs. Pinch plasmas and gas-puff laser
plasmas present numbers that are more than 2 orders of magnitude
lower (5 × 108 −2.4 × 109 photons/(s × sr × µm2 × 0.1%BW))
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[40,52,80]. For pinch-plasma sources, the reason for this is primarily the size of the source. Even though stable operation is
achieved at high power, the source diameter is typically 400 µm
[51], which can be compared to a typical liquid-jet laser plasma
of 20 µm [79]. The pinch plasmas can reach electron densities in
the range of n e = 1020 cm−3 at electron temperatures of >106 K
[54]. This can be compared to the critical electron density in a laser
plasma, where the laser can no longer penetrate the target, which is
n e ≈ 1021 cm−3 (Eq. 2) for a 1064 nm wavelength Nd:YAG laser.
The gas-puff laser plasma is also typically larger [81] and of lower
density than the liquid-jet laser plasma, resulting in significantly
lower brightness. Furthermore, due to thermal and vacuum restrictions, the operation frequency of the gas-puff nozzle is limited to
10 Hz (or below), making it challenging to scale this source to high
average photon fluxes in its present implementation.
To our knowledge, there are no recent quantitative measurements of the water-window brightness of solid-target
laser-plasma sources, even though they are currently being developed and evaluated [61]. One example using a 20 µm thick,
4 mm wide Mylar tape as a target measured a brightness of about
5 × 1010 photons/(s × sr × µm2 × 0.1%BW), resulting in noisy
images acquired in scanning mode [30,82].
In addition to brightness, the debris emission is of critical
importance for all plasma sources. Such debris deposits and
destroys surrounding components, e.g., optics. Sensitive optics
in the vicinity of the source may include condenser optics, like
zone plates or mirrors, shutters, vacuum windows, filters, and even
the source components. Solid-target laser plasmas are known to
produce significant amounts of debris. Thus, these systems are difficult to operate in microscope systems for extended periods. Very
low-debris operation is reported from gas-puff laser plasmas using
nitrogen as target material [83]. Also, the liquid-jet laser plasmas
have reported negligible debris operation [63,64,84]. Here, the
plasma needs to be operated far away from the nozzle (>3 mm)
to avoid destroying it, setting high demands on the jet stability
[67]. Similarly, electrode erosion in discharge plasma sources is a
serious problem, limiting the average input power for continuous
operation [51].
The compact electron-impact source used for water-window
microscopy, described by Ohsuka et al. [48], exhibits a brightness of about 104 photons/(s × sr × µm2 × line), several
orders of magnitude below the brightness of laser-plasma or
pinch-plasma sources. A high-brightness water-window electronimpact source based on a liquid water jet is described in [70].
It relies on an 8 W electron gun resulting in a brightness of
5 × 108 photons/(s × sr × µm2 × 0.1%BW), which is the
number included in Fig. 3. The authors stated that by using an
electron gun with a power >200 W, the brightness could be
increased by at least 1 order of magnitude. The main drawbacks of
electron-impact sources, besides the low brightness, are the thermal stability of the target as well as the lifetime of the (high-power)
electron gun in a gaseous environment.
C. X-Ray Optics

In the soft x-ray range, the index of refraction of materials is very
close to 1, and the absorption of radiation in materials is very
high. Therefore, refractive lenses known from visible-light microscopes cannot be used, and alternative optics based on reflection or
diffraction are the only options. Nevertheless, the optical concept
of a full-field water-window laboratory x-ray microscope is very
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Fig. 4. X-ray optics overview. Upper row depicts condenser arrangements based on (a) normal-incidence multilayer optics and (b) grazing-incidence
optics. Lower row shows high-resolution imaging with (c) zone-plate optics and (d) Wolter optics.

similar to the one of a visible-light microscope and consists of a
condenser to illuminate the sample and an objective to create a
magnified image on a detector. We can therefore rely on the principles of the optical microscope when designing the x-ray optical
system of a laboratory soft x-ray microscope but with one important constraint: Given the limited numbers of photons from the
laboratory sources, the efficiency of the optical components and
the system as a whole is of key importance for acceptable microscope operation. Figure 4 summarizes the principles of the optical
components used in laboratory water-window microscopy.
1. Condenser Optics

The role of the condenser is to collect as much light as possible
from the source and illuminate the sample. The classical Köhler
layout [85] consists of two lenses to achieve uniform illumination. For soft x-rays, this design is not possible, and instead critical
illumination is employed, where the source is imaged directly
onto the sample. This results in a nonuniform illumination of the
object, with a source image slightly larger than the field of view.
Another important aspect is partially coherent illumination in
order to obtain the best possible resolution. The common choice is
to match the numerical aperture (NA) of the condenser to the NA
of the objective, which results in a resolution corresponding to the
Rayleigh criterion for incoherent point sources. However, slightly
better resolution can be achieved when the NA of the condenser is
slightly larger (e.g., ∼1.5 times) than the NA of the objective [85].
Multilayer mirrors: The use of a simple spherical mirror in normal incidence is a convenient condenser arrangement. However,
the reflectivity of a single-material mirror for soft x-rays in normal
incidence is very low, because the refractive index is close to 1. A
solution is given by multilayer mirrors [86]. They usually consist
of two materials that are periodically deposited onto one another.
To reduce diffusion effects between the individual layers, it is sometimes necessary to add a third barrier layer. If the period of the layers
satisfies Bragg’s law, i.e., half the wavelength for normal incidence,
the multiple interfaces backscatter the incident radiation in phase,
thus greatly increasing the mirror’s reflectivity. The bandwidth
of the reflected radiation is given by the number of layer pairs, so
that the mirror acts as a spectral filter, which is important when
objective optics are chromatic, such as zone plates.
The production of high-reflectivity normal-incidence soft
x-ray multilayers in the water window is very challenging, since
it requires precise deposition of smooth subnanometer material
layers. Fabricating condenser mirrors is particularly difficult, since
deposition must be uniform over large areas with a very exact layer
spacing that matches the wavelength of the line-emitting sources.

Early mirrors made from W/B4 C and Cr/Sc had a reflectivity of
around 0.5% and 3%, respectively, and were used to build successful laboratory water-window x-ray microscopes at λ = 3.37 nm
[10,87]. The latest generation soft x-ray multilayer condensers
in normal incidence are made by magnetron sputtering in Cr/V,
reaching an impressive average reflectivity over the ∼50 mm diameter mirrors of 4%–5% for λ = 2.48 nm [11,88,89]. The radius
of curvature and distances are chosen so that the condenser NA
approximately matches the NA of objective optics (NA ∼ 0.05).
The bandwidth is E /1E ∼ 400.
Grazing-incidence mirrors: An alternative to multilayer mirrors
is grazing-incidence optics, which are based on total external reflection [86]. A reflectivity >75% can theoretically be achieved for
incidence angles smaller than the critical angle, assuming error-free
metal mirrors. The simplest shape for imaging a point source into
another point is an ellipse [86]. Accordingly, some laboratory
water-window x-ray microscopes have used ellipsoidal condenser
mirrors with a Ni-coated mirror surface [40,41,44,47,83]. These
mirrors operate at grazing-incidence angles of few degrees (typically 1–3 ) and have a calculated reflectivity between 40%–70%,
depending on the mirror surface roughness, incidence angle, and
other factors [90]. Thus, the NA of the elliptical condenser is very
similar to the NA of the multilayer condenser.
Ellipsoidal mirrors typically suffer from figure errors and large
off-axis aberrations, which means that the image of the source will
be far from perfect. This might actually help to ensure a uniform
illumination of the field of view, but can also considerably decrease
the number of photons available for imaging with the objective. A
possible solution to the aberration problem is the so-called Wolter
mirror (Type I), which consists of two mirror surfaces, parabolic
and hyperbolic [86]. Such a mirror can produce a high-quality
image of the source onto the sample, but the fabrication of a Wolter
mirror is much more difficult than fabrication of an elliptical mirror. Moreover, a Wolter condenser uses two reflections instead of
one, which reduces the number of reflected photons. Nevertheless,
laboratory water-window x-ray microscopes with Wolter mirror
condensers have been demonstrated [45,48,60].
Zone plates: Zone plates are diffractive optics and will be
described in more detail in the next section. A zone plate was used
as condenser optic in an early laboratory microscope [91], but was
soon replaced by a multilayer mirror condenser. The reason was the
difficulty in achieving aperture-matched conditions, which led to a
decreased resolution and introduced coherence artifacts [92].
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2. Comparison and Evaluation of Condenser Optics

The two most common condenser concepts in laboratory waterwindow microscopy are multilayer mirrors and ellipsoidal mirrors.
Both condensers use critical illumination with aperture matching
to the objective, with a typical NA of approximately 0.05. In both
cases, a central stop is necessary to block direct illumination from
the source. The collected solid angles of the incident radiation
are comparable. The reflectivity of the elliptical mirror in grazing
incidence is much larger than that of the multilayer in normal
incidence. However, off-axis aberrations and figure errors from an
elliptical mirror can smear photons in the object plane outside the
field of view, making it challenging to use these condensers with
small high-brightness sources like laser plasmas.
A main difference between the grazing-incidence optics and
multilayer optics is their reflectivity bandwidth. A multilayer mirror has a small bandwidth and therefore acts as a monochromator,
selecting a specific line from the source spectrum. This is advantageous when using objective optics with chromatic aberrations
such as zone plates. A mirror in grazing incidence is an achromatic
optic and has to be used in combination with a spectral filter if the
objective requires a small bandwidth. A more practical aspect is the
condenser alignment procedure. A normal-incidence multilayer
mirror is, due to its spherical shape and the on-axis optical arrangement, quite easy to align. In comparison, an ellipsoidal mirror can
be very difficult to align due to its sensitivity to minor alignment
errors, especially if the source is small.
A more uncommon condenser is the Wolter mirror, which combines grazing incidence conditions with good imaging characteristics. Both ellipsoidal and multilayer mirrors are commercially available, which is not the case for the Wolter mirror.
3. Objective Optics

The objective optic is generally the most important part of a
microscope, since it determines the spatial resolution that can be
obtained. For a condenser illumination that has the same NA as
the objective, the smallest period (d) that can be resolved is given
by [86]
d=

0.61λ
= 1Rayl .
NA

(3)

This is equal to the well-known Rayleigh resolution limit 1Rayl ,
which defines the smallest observable distance between two point
emitters. For visible light, NAs close to unity are common, and
the resolution is ultimately limited by the wavelength λ. This is
not the case for soft x-ray optics due to much smaller NAs, so the
resolvable detail of water-window x-ray microscopes is often an
order of magnitude larger than the wavelength, as explained in the
next paragraph.
Zone plates: The most common objectives are zone plates,
which have a long tradition in XRM. Zone plates are circular
diffraction gratings with radially decreasing zone widths. Already
in 1952, Kirkpatrick suggested that zone plates are well-suited
objective optics for soft XRM [93]. The XRM group in Göttingen
was the first to produce and include zone-plate objectives in both
their laboratory and synchrotron-based microscopy arrangements
[94]. The most important optical characteristics of zone plates are
resolution and efficiency. The resolution of a zone plate according
to Eq. (3) is given by
1Rayl = 1.221r ,

(4)
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where 1r is the width of the outermost zone. This means that for
highest resolution, the outermost zone should be as small as possible. Since x-ray zone plates are binary structures, they have many
diffraction orders and normally only the first order is used for imaging. The efficiency is defined as the number of photons incident
on the zone plate divided by the photons in the first diffraction
order. An efficiency maximum for soft x-rays is obtained when
the thickness of the zones results in a phase shift close to π of the
incoming radiation. High efficiency is especially important in
laboratory-source-based microscopy.
Nowadays, fabrication of zone plates is exclusively done by
electron beam lithography [86]. Consecutive nanofabrication
steps typically include dry etching and electroplating. The preferred zone-plate material for water-window x-rays is Ni, due to
well-established electroplating processes in combination with good
x-ray optical characteristics. Theoretically, optimal efficiencies of
about 20% are reached for zone thicknesses around 200 nm. This
thickness can be achieved for outermost zone widths of 20–30 nm.
Due to fabrication errors, efficiencies of real Ni zone plates are
typically up to 10%–15%. Zone plates made of Au are also an
alternative, although they have slightly lower efficiency.
We finally note two more important zone-plate characteristics.
The focal length of a zone plate is given by f = D1r /λ, with D
being the diameter of the optic. With a typical diameter of 100 µm,
soft x-ray zone plates have relatively short focal lengths, resulting
in working distances of around 1 mm. Moreover, since the focal
length is wavelength-dependent, zone plates are chromatic optics
and cannot be used with broadband illumination. The acceptable
spectral monochromaticity λ/1λ is equal to the number of zones
[86] and is typically between 500 and 1000.
Wolter mirrors: There have also been attempts to use Wolter
Type I optics as objectives for laboratory water-window x-ray
microscopes [45,48,60]. If combined with a Wolter mirror condenser, the obvious advantage would be the possibility of using a
source with a broadband spectrum. However, the demonstrated
spatial resolution is lower than for zone plates.
4. Comparison and Evaluation of Objective Optics

Zone plates are, in most cases, the primary choice as objectives.
They offer high resolution, typically 20–30 nm, and are available
from both commercial and academic suppliers. Although fragile,
they are easy to work with and require only simple alignment. We
note that zone plates with outermost zone widths below 10 nm
have been demonstrated [95], which would enable even higher
resolution. Unfortunately, the number of photons for constant
signal-to-noise ratio in the image scales with the feature size to the
power of 3. This directly leads to a considerable increase in exposure times, and experiments become impractical if the brightness
of the source is limited. Further, the number of zones in a 10-nm
zone plate at reasonable diameters would put extreme demands
on the monochromaticity of the source. These are the reasons
why 2D imaging of laboratory water-window x-ray microscopes is
currently limited to a practical resolution of a 20 nm half-period,
approximately an order of magnitude larger than the wavelength.
Also, in 3D tomographic imaging, 30–40 nm zone plates are
preferable, since the depth of focus (DOF) better matches typical
cell-size objects (cf. Section 3.G).
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D. Detector

Given the low efficiency of the x-ray optics and the limited
brightness of the laboratory sources, it is fortunate that soft
x-ray detection can be performed with high efficiency. The detector of choice in laboratory soft XRM is a cooled back-illuminated
charge-coupled device (CCD). Scientific-grade CCDs provide
high sensitivity, excellent linearity, low noise characteristics, and
a high number of pixels in combination with high dynamic range
[96]. The alternative, complementary metal-oxide-semiconductor
(CMOS) sensors, has the advantage of faster readout at the price of
smaller dynamic range and higher noise. Typically, for the photon
flux available in laboratory microscopes, the lower noise of the
CCD is more important than the faster readout of the CMOS.
The CCD was first demonstrated by Smith and Boyle [97,98].
The pixels of a CCD detector are composed of p-doped metal–
oxide–semiconductor (MOS) capacitors—usually p-Si with an
optically transparent SiO2 isolator layer with electrodes (so-called
gates) on top and channel stops to separate and to read out the
pixels. When a positive voltage is applied to a gate electrode, a
potential well forms in the p-doped semiconductor in which
the electrons from electron-hole pairs created by incoming x-ray
photons are collected and accumulated. This electric charge is
proportional to the number of incoming photons if the pixel is read
out before its maximum full well capacity is reached. CCDs for soft
x-rays [99] are illuminated from the back, since otherwise soft xrays would be—in contrast to visible light—absorbed completely
by the SiO2 isolator layer and the gate electrodes before entering
the p-doped semiconductor. The number of electrons generated
by incoming photons with a specific energy defines the sensor’s
quantum efficiency, which is a crucial property for low photon-flux
applications.
The readout of a CCD is realized by applying a control circuit
to clock the pixels, so that their charge packets are transferred
directionally to the neighboring pixel. This transfer goes on from
pixel to pixel until the last one is reached, from which the electrons
then reach a charge amplifier and are subsequently converted into a
voltage, one pixel after another. As the amplification is carried out
by the same external amplifier (with lower amplifier noise than in
a CMOS) for all pixels, a high reproducibility between the pixels
is achieved, directly resulting in a high linearity of the sensor. The
digitization of the signal in scientific-grade CCD sensors is usually
carried out in a 16-bit or 18-bit external analog-to-digital converter
(low quantization noise).
The sensor of choice in laboratory soft XRM is typically a cooled
back-illuminated 16-bit CCD with a pixel size of 13.5 µm and 4
megapixels (2048 pixels × 2048 pixels). It exhibits high quantum
efficiency, up to 85% at 500 eV photon energy, in combination
with low dark current noise, down to 0.001 electrons/photons/s
at −70 ◦ C [100]. At magnifications of 1000×, this results in an
effective pixel size of 13.5 nm. If the microscope operates at lower
magnifications, undersampling can cause the images to show lower
resolutions than the optical capability of the microscope.
E. Sample Environment and Sample Preparation

For any imaging technique, it is of crucial importance that the sample be treated so that its properties are intact throughout the entire
imaging procedure. Here, a major advantage of XRM is the limited
need for sample preparation compared to other high-resolution
techniques like, e.g., transmission electron microscopy (TEM).
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X-ray microscopy relies on the natural difference in absorption
between elements, in this case, the carbon/oxygen contrast in the
water window (cf. Fig. 1, inset). Thereby, chemical staining is
unnecessary, and the sample can be kept in a native or near-native
environment. Furthermore, the absorption and scattering properties of x-rays allow imaging of samples that are several micrometers
thick, which eliminates the need for sectioning. Still, for wet and
cryogenic x-ray imaging, care must be taken to keep the sample
water layer thin in order to avoid unnecessary loss of photons in the
photon-limited laboratory x-ray microscope.
1. Dry Samples

Dry samples have been imaged with synchrotron-based x-ray
microscopes for several decades [31] and with laboratory-based xray microscopes for a few decades [38]. Examples include diatoms,
nanoparticles, and test targets, such as Siemens stars. These are
typically placed on 20–50 nm thick silicon nitride (Si3 N4 ) window
grids, also commonly used in TEM. For this kind of imaging, the
samples do not need any further fixation, and the preparation is
often uncomplicated.
Laboratory XRM has also been applied to dehydrated cell
samples [83,91]. This is, however, not the preferred preparation
of biological specimens, for two reasons: the dehydration process
will alter the morphology of most specimens and most biological
specimens are very sensitive to radiation damage. Both can be
avoided by cryo-freezing the sample. This is discussed in more
detail in Section 3.E.4.
2. Chemically Fixed Samples

There are various chemical methods to fixate cell samples prior to
imaging [101,102]. This is not commonly used in XRM, since the
extent of the effects that the chemicals have on the samples is not
fully understood. Ref. [101] investigated the effects of glutaraldehyde fixation for water-window XRM and concluded that this
method is not able to prevent radiation damage in algal cells, and
furthermore that an uptake of glutaraldehyde alters the distribution of x-ray absorption in the fixed cells. In an earlier example, Ref.
[103] showed that radiation damage on Vicia faba chromosomes
was clearly visible at doses of about 1−2 · 105 Gy, depending on
the type of fixative.
Chemical fixation has been demonstrated in laboratory XRM
in the water window. Examples include 3T3 fibroblasts fixed in
glutaraldehyde [31] and COS-7 cells fixed on a Si3 N4 membrane
using ethanol in increasing concentration [104].
3. Wet Samples

Imaging of wet samples has been routinely done at synchrotronbased x-ray microscopes, on a wide range of samples, from cells to
soils. Kirz and Jacobsen [105] summarize many early applications
from NSLS at Brookhaven and BESSY in Berlin. Laboratory
water-window XRM of wet samples has also been demonstrated
on cells in cell medium [91] and aqueous soil samples [106]. Due
to the vacuum conditions, the liquid has to be contained somehow, which is realized by putting the sample between two Si3 N4
windows and gently clamping them together [107].
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4. Cryo-Fixed Samples

For biological samples, cryo-fixation is the preferred preparation
method. It is extensively used at synchrotron-based x-ray microscopes, e.g., [3,4,32–34,108]. Even though freezing biological
material risks affecting the sample, a sufficiently fast transition into
solid state creates vitreous (i.e., amorphous) ice, which keeps the
structures intact [109–111]. This way the samples are imaged in
their near-native state. The method is particularly attractive for
water-window microscopy, with its natural contrast mechanism.
Cryo-fixation has two main purposes: First, the sample is spatially
fixed, which is necessary because the exposure times range from
seconds to minutes. Second, at these low temperatures the sample
is considerably more resistant to radiation damage. Cryo-fixed cells
have been exposed to up to 1010 Gy in XRM without showing any
observable morphological alterations [110]. In order to achieve
high-resolution images with reasonable noise levels, it can be estimated that a dose on the order of 105 −108 Gy is needed [109]. For
hydrated biological samples at room temperature, numerical calculation and experimental results estimate that significant radiation
damage occurs at ∼104 Gy [112].
In order to form vitreous ice, the cooling rate needs to be higher
than 104 K/s [113]. There is a range of different methods to
achieve this, e.g., high-pressure freezing, jet freezing and slam
freezing. However, the most commonly used method in XRM is
plunge freezing in a liquid cryogen (usually ethane). The samples
are typically placed on gold or copper TEM grids, coated with a
thin holey carbon layer on one side. These grids can be picked up
using tweezers and put into the plunge-freezing arrangement.
Ethane is a good choice of cryogen due to the large interval
between its melting temperature (90 K) and boiling temperature
(184 K). This decreases the risk of vaporization as small amounts
of heat are transferred from the plunged sample. In fact, ethane
has been shown to provide the fastest cooling rate in comparisons
between different cryogens [114,115]. In contrast, plunging a
room-temperature sample into liquid nitrogen (liquid from 63
to 77 K) will result in the formation of an insulating vapor layer,
which considerably decreases the cooling rate.
One of the main challenges in cryo-fixation for soft XRM is to
achieve an appropriate ice thickness. First of all, the ice layer should
not exceed ∼10 µm to avoid crystalline ice formation [112].
Second, the x-ray transmission through the ice will decrease with
increasing thickness. As an example, a 10 µm layer of pure water
ice gives about 30% transmission for λ = 2.48 nm, and a typical
cell medium will transmit even less, depending on glucose concentration, etc. As pointed out above, this is especially important
for laboratory x-ray microscopes, where the x-ray flux is limited. A
too-thin ice layer, on the other hand, can give shadow effects and
unwanted illumination gradients around the specimen or, in the
worst case, structural changes due to dehydration.
In order to achieve the desired ice thickness, it is necessary to
monitor the sample during the plunge-freezing procedure, preferably through an optical microscope [11,112]. The liquid layer on
the sample is usually adjusted by blotting the sample grid using filter paper [116]. Several plunge-freezing systems are commercially
available today, with built-in microscopes, adjustable humidity,
automatic blotting and plunging, and an overall controlled procedure [117,118]. Both the Stockholm and Berlin laboratory x-ray
microscopes rely on home-built simple plunge-freezing arrangements. Here, the sample is held by tweezers and plunge-frozen in
liquid ethane with a speed of ∼1 m/s. A camera with a lens system
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is used to monitor the sample. Using oblique illumination on the
grid, it is possible to observe when the liquid layer becomes thinner
than the depth of the wells (10 µm), determining a suitable time
for the plunge. We note that the optimal settings are different from
sample to sample, and significant experimental optimization is
often necessary.
F. Tomography

An ultimate goal of laboratory x-ray microscopes is to utilize the
high x-ray penetration depth together with the high resolution
and natural contrast to perform 3D imaging, through CT. The
CT concept has been explored in great detail and is widely used
in fields like clinical diagnostics and material science, but also for
synchrotron-based XRM, e.g., [3,4,7,8]. However, when it comes
to laboratory soft XRM, there are a few intrinsic issues that need
to be resolved. In this section, we discuss the general concept of
laboratory water-window x-ray tomography, the main challenges,
and possible solutions.
1. General

The principles of constructing a 3D volume from a number of 2D
projections acquired at different observation angles, is well known
and can be found in standard textbooks [119]. The theory can be
simplified by dividing the 3D object into thin 2D slices (giving 1D
projections), which are treated independently. The results are easily
transferred to the 3D case by stacking the reconstructed 2D slices.
It can be shown that each 1D projection, when Fouriertransformed, corresponds to a straight line in the Fourier transform
of the 2D object, passing through the origin at an angle θ equal
to the projection angle. This is known as the Fourier slice theorem.
Complete information about the spatial-frequency content of the
object can be obtained by gradually rotating and acquiring (an infinite number of ) projections over a range of 0◦ −180◦ . Building on
this theory, the Crowther criterion [120] for the highest achievable
resolution can be derived,
1x =

1
πD
≥
.
νc
N

(5)

It estimates the smallest resolvable period 1x , or the highest
spatial frequency νc , of the reconstructed object of diameter D,
using N equally spaced projections from 0◦ to 180◦ . Naturally, the
applicability of the Crowther criterion assumes that the individual
projections are sampled sufficiently densely so as not to limit the
resolution.
2. Laboratory Water-Window X-Ray Tomography

Even though the concept is clear, 3D imaging is not yet routine in
laboratory soft x-ray microscopes. Here we identify and discuss
three main issues: acquisition time, missing wedge, and DOF.
As mentioned before, the photon flux is a limiting factor in
laboratory XRM. Tomographic reconstruction of thick objects
with high resolution requires at least around 100 images (projections), which translates to significantly longer exposure time than
for 2D imaging. As an example, consider imaging a 5 µm diameter
object with 100 nm full-period resolution. According to Eq. (5),
this requires 157 equally spaced angles from 0◦ to 180◦ . If we can
limit each exposure to 5 s, the total exposure time becomes about
13 min.
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In addition to the exposures, repositioning of the sample and
refocusing might further increase the total data acquisition time.
This can, however, be resolved by making sure that the position
of the object coincides with the axis of rotation. Note that this
alignment needs to be accurate within a couple of micrometers for
the object to stay in focus at the higher angles. A systematic way to
achieve this in a laboratory x-ray microscope has been developed
by TU Berlin (cf. Section 4.A), by incorporating a visible-light
microscope in the sample stage arrangement.
The second issue is the limited range of tilts, leading to a socalled missing wedge. In many imaging applications, the sample
cannot be rotated more than about ±60◦ [4,11], resulting in a
missing wedge of 60◦ . This will reduce the achievable resolution
of the reconstruction along the optical axis of the microscope.
There are different reasons as to why the higher tilt angles are not
available. The rotation of the sample holder can be physically
blocked by the objective. However, this can be partly resolved by
using a microzone plate with large enough focal length, and/or a
slimmer sample holder. Further, the illumination can be blocked
by structures surrounding the region of interest. This happens,
e.g., close to the grid lines on a metal TEM grid, or if the individual
specimens on a sample grid are too close together. The most challenging reason, however, is the fact that a flat sample at an oblique
angle gives a large projected thickness that simply absorbs too many
photons. Many samples, like adherent cells, require a flat surface
with an even layer of cell medium, and cryo-fixation prior to imaging. Hence, the projected ice layer thickness at high tilt angles will
limit the tilt range. Attempts to resolve this issue include putting
the sample inside or onto a glass capillary that can be rotated 180◦
[121,122]. However, this is not suitable for many types of samples,
like adherent cells or in cell–cell interaction studies. In addition,
the few-100-nm thick capillary walls will contribute appreciably to
the absorption of the soft x-rays, which can increase the exposure
times of the flux-limited laboratory-based microscopes. Another
solution is double-tilt tomography [123]. It suggests merging two
tilt series acquired around two orthogonal axes. This would in
theory be possible to implement in laboratory XRM, but puts even
higher demands on the photon flux, sample stage movement, and
alignment. Finally, there are advanced reconstruction algorithms
that include information on the missing wedge and/or assumptions about the sample properties, thereby restoring missing 3D
information and reducing image artifacts [124,125].
As a final point, we discuss the issue of a limited DOF, which is
inherent in all zone-plate-based imaging. A typical high-resolution
zone plate (1r = 30 nm for λ = 2.48 nm) has a DOF of <1 µm,
and even though fairly high resolution can be achieved at moderate
distances from the DOF, this becomes a problem for thick samples
like whole cells. One possibility is to use a larger outermost zone
width, e.g., 1r = 40 nm, with the corresponding loss of resolution and NA. A suitable compromise must be considered for each
imaging application. Focus-stack back-projection (FSBP) [126]
has been suggested as a solution. It was shown that the contrast and
resolution of a reconstructed object larger that the DOF can be
improved by acquiring images at three defocus positions (−3, 0,
+3 µm) relative to the center, for each tilt angle. For a fair comparison, the same total photon flux (i.e., exposure time) was used for
the comparison. The method has been tested at a synchrotron, but
not yet in a laboratory microscope.
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G. System Considerations and Summary

Water-window XRM is a photon-hungry method. Typically, it is
necessary to detect 100–1000 photons per pixel for good signalto-noise 2D imaging. Thus, the high spectral brightness provided
by synchrotron-radiation sources is a great advantage for this
type of microscopy, since it relaxes the requirements of the optical
system, alignment, filters, sample preparation, etc. A laboratory
water-window microscope is bound to operate with a source of
much lower brightness. Consequently, every microscope component must be optimized to allow high-resolution imaging with
short exposure times. Here “high resolution” should aim at a few
tens of nanometers, else the advantage compared to visible-light
microscopes is too small. “Short exposure times” should preferably
be below a few tens of seconds for 2D imaging and below a few tens
of minutes for 3D tomography, to allow screening of large sample
volumes and avoid thermal and other drifts that destroy resolution.
Finally, we note that reliability and stability is of key importance
in order to perform relevant biological imaging. Such imaging
typically requires screening large volumes of samples before finding
the interesting areas for imaging.
To date, two laboratory soft x-ray microscopes are approaching
this goal, at KTH/Stockholm and at TU Berlin. Both are based on
the same system design, including a high-power-laser liquid-jet
laser-plasma, high-reflectivity normal-incidence multilayer condenser optics, high-resolution zone-plate optics, CCD detection,
and a tailored cryogenic sample environment. The design allows
high-resolution cryo-imaging in both 2D and 3D with short
exposure times. The two key recent improvements enabling this
compared to the early designs [10,91] are the higher-power laser
plasma [79] and the high-reflectivity multilayer condenser mirror
[88]. Although reliability is not yet at the level of a commercial
instrument, the microscopes now can be trusted to provide hundreds of images when samples are available. In the next section, we
describe the design of these two microscopes.
4. LABORATORY WATER-WINDOW X-RAY
MICROSCOPY IN 2D AND 3D
A. Stockholm and Berlin Microscopes

Here we describe the Stockholm and Berlin laboratory full-field
transmission soft x-ray microscopes. They are based on the same
principle of operation, but with some individual features. The
basic arrangement of these microscopes is shown in Fig. 5.
The x-ray source is a liquid nitrogen (LN2 ) jet laser plasma,
driven by a λ = 1064 nm diode-pumped Nd:YAG slab laser
(Fraunhofer ILT, Aachen) [127], with ∼0.5 ns and ∼100 mJ
pulses at a repetition rate of 2.0 kHz and 1.3 kHz for the two systems, respectively. The liquid jet is created by letting high-purity
gaseous nitrogen pass under a few tens of bars of pressure through

Fig. 5. Experimental arrangement of the laboratory water-window
microscopes at KTH/Stockholm and TU Berlin. MLM, multilayer
mirror; LN2 , liquid nitrogen; CS, central stop; ZP, zone plate.
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an LN2 -cooled cryostat before being ejected into the vacuum of the
microscope through a 20–30 µm diameter glass capillary nozzle.
The resulting plasma source emits primarily line emission from
hydrogen- and helium-like nitrogen, including the strong line at
λ = 2.48 nm from NVII K α [79]. This E = 500 eV line has a
reasonably narrow bandwidth (E /1E = 500−1000), making it
suitable for zone-plate imaging [128]. Furthermore, the line lies in
the higher-energy part of the water window, with its appropriate
transmission for many cell-biological applications.
Both microscopes use a 58-mm diameter, spherical multilayer
condenser mirror, with a radius of curvature of 350 mm (OptiX
fab, Jena). These state-of-the-art normal-incidence Cr/V mirrors
have an average reflectivity of >4% at λ = 2.48 nm [11,88,89].
In addition to collecting the x-rays to illuminate the sample, the
multilayer mirror selects the λ = 2.48 nm emission line from the
broadband plasma with a bandwidth of λ/1λ = 450. This creates
the monochromaticity needed by the high-resolution zone-plate
objective. A central stop and a 200 nm Al filter are placed in front
of the sample, creating the hollow-cone illumination and removing
visible stray light, respectively.
The microscopes use Ni or Au zone-plate objectives, with
diameters and outermost zone widths depending on the specific
application. As an example, a 200 µm diameter, 30 nm outermost
zone width zone plate provides a long working distance (2.4 mm),
which is suitable for tomography [11]. On the other hand, a
diameter of 100 µm and outermost zone width of 25 nm can produce slightly better resolution and reduces the risk of chromatic
aberrations [86].
The image is formed on a cooled, back-illuminated CCD
detector, providing a high quantum efficiency for the λ = 2.48 nm
x-rays, as well as low electronic noise. 2048 pixels × 2048 pixels with a size of 13.5 µm make up the field of view, which is
adjusted, depending on application, by moving the detector.
Typical magnifications are M = 600−1300, giving a field of view
of 21−46 µm.
The sample is held by a modified TEM goniometer cryo-stage
(Bruker ASC in Berlin and FEI in Stockholm), which allows
movement in all directions, as well as tilt along one axis. The Berlin
microscope has also incorporated a visible-light microscope, in a
vertical arrangement that images the sample inside vacuum. This
visible-light microscope has two main purposes. It provides an
overview of the sample, which makes it easier for the user to find
regions of certain interest and thereby saves valuable experiment
time. Further, it can be used together with fine positioning of
the zone plate, using a piezo-driven three-axis stage to align the
focus of the zone plate with the axis of rotation. This means that
the sample will stay in position and in focus during rotation in
tomographic imaging, thereby again saving valuable experiment
time. The Stockholm microscope has a similar, but more primitive,
visible-light microscope, primarily to monitor the relative position of the sample and zone plate. With its higher x-ray flux and
shorter exposure times, searching the sample for regions of interest
is instead done directly with x-rays. Still, a Berlin-style microscope
is preferable and will be included in the Stockholm microscope to
speed up tomographic data acquisition.
As discussed in Section 3.C, the diffraction-limited resolution
of a zone-plate-based microscope depends on the outermost zone
width. This, of course, requires that other factors, such as chromatic aberrations, astigmatism, vibrations, and photon noise, are
not limiting. Both the Berlin and Stockholm microscopes show
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close to diffraction-limited resolution, resolving features down
to 20–25 nm in Au Siemens star test samples. Images acquired at
both microscopes are shown in Fig. 6. The Berlin microscope used
a 25-nm zone plate, a magnification of 1300× and 120-s exposure
[Fig. 6(a)], while the Stockholm microscope used a 30-nm zone
plate, a magnification of 1000×, and 60-s exposure [Fig. 6(b)].
The contrast transfer analysis in Fig. 6(c) shows the principal similarities between the microscopes but also indicates a nonnegligible
difference for midspatial frequencies, which cannot be explained
by the difference in parameters mentioned above. It is not fully
understood. The different quality of the zone plates and Siemens
stars used may certainly have an influence, but factors like the
alignment and magnification could also contribute. The contrast
transfer functions (CTFs) will now be further investigated by a
quantitative cross-comparison of the two microscopes.
Short exposure times are of key importance for applying laboratory soft x-ray microscope to biology. Currently, cryo-fixed cell
samples can be imaged with high quality using 10–30 s exposures
in the Stockholm microscope and a few minutes in the Berlin
microscope. This enables investigation of complex biological systems, where many samples need to be imaged. Equally important
for the complex biological applications is a stable and reliable operation, allowing microscopy to be performed on an everyday basis.
This has been improved greatly in the last few years. Examples
of applications demonstrating the capabilities of the Berlin and
Stockholm laboratory x-ray microscopes, are given below.
B. Dry Imaging

Imaging of dry samples is mainly done to verify the performance of the laboratory TXMs. Typical samples include test
objects like Siemens stars (cf. Fig. 6), gratings, nanoparticles,
or diatoms. Diatoms are popular test objects due to their radiation resistance, appropriate size, and intricate 3D structures.
Consequently, they were extensively used early in laboratory XRM
[10,129]. Figure 7(a) shows diatom imaging revealing features in
the sub-100-nm range.
Figures 7(b) and 7(c) display a rare example of dry imaging with
biological relevance. Here, the effects of high-pressure treatment
on bacterial endospores of the Bacillus subtilis strain PS832 were
investigated for applications in industrial food sterilization [130].
In Figs. 7(b) and 7(c), we compare the B. subtilis endospores before
and after high-pressure treatment, respectively.
C. Wet Imaging

Laboratory water-window XRM has been applied to wet imaging,
both on cells in aqueous environments [91] and on various types
of colloids and soil samples [106]. Figures 8(a) and 8(b) show a
comparison of Montmorillonite clay, imaged under dry and wet
conditions, respectively. The images show that the structures in
the wet sample, consisting of small stacked platelets, collapse as
the clay dries. Figure 8(c) shows another example consisting of
chernozem soil in aqueous solution. These images were acquired
at rather high magnification (1300×) and an estimated resolution
down to 30 nm (half-period) [106]. However, exposure times of
a few minutes were required to achieve high image quality in this
early version of the Stockholm laboratory x-ray microscope.
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Fig. 6. Characterization of the optical performance by Au Siemens star imaging. (a) Siemens star imaged by the Berlin laboratory x-ray microscope, with
120 s exposure time; (b) Siemens star imaged by the Stockholm laboratory x-ray microscope with 60 s exposure time; (c) CTFs for the Berlin microscope
and Stockholm microscope.

Fig. 7. Dry imaging with laboratory soft XRM. (a) Diatoms, exposure time 60 s. B. subtilis endospores (b) before and (c) after high-pressure treatment
(exposure times 120 s and 180 s). Images from the Berlin microscope.

Fig. 8. Wet imaging with laboratory soft XRM. Montmorillonite clay samples imaged (a) dry and (b) in aqueous solution, for comparison; (c) chernozem soil in aqueous solution; exposures times range from 180 s to 360 s. Images from an early version of the Stockholm microscope.

D. 2D Cryo Imaging

Following the synchrotron-based soft x-ray microscopes [3,4],
cryo-imaging at a laboratory microscope was first demonstrated
on yeast and B-cells [131,132]. These early experiments suffered
from long exposure times and significant experimental difficulties,
making the iterative imaging typically necessary for biological
studies impossible. The laboratory microscopes are now approaching maturity, allowing studies of relevant biological samples. Below
we describe four recent and emerging biological investigations
demonstrating this new level of laboratory soft x-ray microscope
performance.

HEK 293 T cells in different stages of starvation have been
imaged in 2D and 3D with 2D exposure times in the range of 10–
30 s [11]. Figures 9(a) and 9(b) show two examples. The natural
contrast allows observation of several structural changes as the
starvation process progresses. Healthy cells typically adhere to
the substrate with lamellipodia extended over the holey carbon
surface. Starving cells show withdrawal of lamellipodia and the
emergence of an increasing number of carbon-dense vesicles with
diameters typically around 0.4–0.8 µm. Cells starved until the
verge of cell death appear round and vacuolated. The carbon-dense
structures may be related to autophagy, which can be induced by
cell starvation [133,134].
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Fig. 9. 2D cryo imaging with laboratory soft XRM. (a) Healthy and adhered HEK 293 T cell, 30 s exposure time; (b) slightly starved and rounded HEK
293 T cell, 20 s exposure time; (c) THP-1 cells with 5 min exposure time. Images (a) and (b) from the Stockholm microscope and (c) from the Berlin microscope.

Fig. 10.
2D virus dynamics cryo imaging with laboratory soft
XRM. (a) Healthy Acanthamoeba castellanii, 30 s exposure time;
(b) Acanthamoeba castellanii, infected by giant DNA virus and imaged
24 h post-infection, 30 s exposure time. Images from the Stockholm
microscope.

THP-1 cells have been suggested as a suitable model system
for investigating the uptake, accumulation, and location of very
small superparamagnetic iron oxide nanoparticles (VSOPs) via
their interaction with the extracellular matrix (ECM). VSOPs
have shown high affinity to glycosaminoglycans, which are key
components of the ECM in atherosclerotic lesions. Figure 9(c)
shows a first example of water-window THP-1 cell imaging, with
the hairy structure representing the ECM of the THP-1 cell.
The discovery of giant DNA viruses has challenged the traditional view of viruses during the last 15 years [135,136]. These
viruses are larger (up to 1.5 µm) and contains a more complex

genome than many cellular microbes. Cryogenic water-window
XRM enables unique and near-native imaging of these giant
viruses during their replication cycle inside a host. In such an investigation, the Stockholm laboratory x-ray microscope was used to
study the dynamics of a newly discovered giant DNA virus, the
Cedratvirus genus of Pithoviridae [137]. The infection process
of this virus in the amoeba Acanthamoeba castellanii was imaged
at 10 different times ranging from 6 to 72 h. As examples of this
study, we show images of the amoeba showing no signs of infection
[Fig. 10(a)] and a virus-infected amoeba about 24 h post infection,
where the giant DNA virus particles can be seen throughout the
cell as well as in the surrounding medium [Fig. 10(b)]. The high
natural contrast allows for quantitative analysis of the infection
dynamics.
The interaction between NK cells of the innate immune system
and HEK 293 T cells has been studied in both 2D and 3D [11].
One example from this study is shown in Fig. 11(a). Different
stages of the NK-mediated cell killing process were observed from
the immune synapse formation stages to the onset of apoptosis
and subsequent cell death. When performing cell–cell interaction
studies, the long-term stability of the x-ray source is of great importance, as several TEM grids need to be searched in order to find cells
in different stages of the immune synapse formation and cell death
[138,139].

Fig. 11. Comparison between 2D and 3D imaging. (a) 2D imaging of two NK cells interacting with a starved HEK 293 T cell. This is one of the 10 s
projections. (b) and (c) Two slices from the reconstructed 3D volume. Vacuoles (v), nuclear envelope (ne), and carbon-dense vesicles (c) and (d) are marked.
Adapted from Ref. [11]. Images from the Stockholm microscope.
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E. 3D Cryo-Tomography

The first tomography [129] as well as cryo tomography [130,131]
at a laboratory soft x-ray microscope was performed at an early
version of the Stockholm microscope. Although exposure times
were long (hours) and the experimental effort significant for
each 3D image, it proved the principle (see Visualization 1 and
Visualization 2).
Our present microscopes allow complex biological samples to
be investigated. Recent work includes 3D cryo-imaging of starving
HEK cells as well at NK–cell–HEK cell interaction [11]. Here,
typically 70 projections were recorded with exposure times of 10–
20 s per projection. Reconstruction was performed with a SIRT
algorithm (simultaneous iterative reconstruction technique) (see
Visualization 3 and Visualization 4). Figure 11 shows the importance of 3D by comparing sections of the 3D volume [Figs. 11(b)
and 11(c)] with a 2D projection [Fig. 11(a)]. It is clear from the
comparison that 3D imaging provides a much more detailed
image, in addition to the full volume information.
5. CONCLUSIONS AND OUTLOOK
Laboratory water-window XRM is reaching the maturity to allow
biological studies of high relevance. In the present review, we have
quantitatively and qualitatively compared and evaluated the key
components of such microscopes as well as the system design.
We find that the laboratory source brightness is the most critical parameter, but still all components as well as the full system
design must be optimized to allow imaging with adequate exposure times and high resolution. Equally important for biological
investigations is reliability and appropriate sample preparation.
Water-window XRM is unique among the microscopies in
that it allows 10-nm-range 3D imaging of unstained intact cellular samples in their near-native state. During the past decade,
synchrotron-based x-ray microscopes have demonstrated their
importance for biological research. Of particular significance is
their unique capacity for quantitative characterization of cellular
and subcellular organization in single cells as well as in cell–cell
interaction [140]. This spans external to internal morphology,
such as lipid bodies, vacuoles, mitochondria, nuclear organization,
etc. In addition, correlative light microscopy can provide molecular information that together with the primarily morphological
x-ray data provides further insight in cell function. Unfortunately,
there are only few available soft x-ray microscopes world-wide
presently at synchrotron-radiation facilities [140]. Although
the quality of the synchrotron microscopes is superior, having
access to water-window microscopy in the home laboratory would
increase the impact of the method, enable direct and parallel use
of complementary methods, and extend the applicability via, e.g.,
optimized sample preparation techniques. In addition to being a
stand-alone tool, laboratory x-ray microscopes should allow valuable screening of large sample volumes in order to make subsequent
synchrotron-based experiments with limited beam time more
effective.
As discussed above, state-of-the-art laboratory water-window
XRM presently provides 10–20 s exposure time in 2D and 10–
20 min in 3D. This is adequate for biological studies, but naturally,
shorter would be better. We believe exposure times can be further
reduced by a factor of 4–5. The laser-plasma source has potential
for a 2× improvement by stabilization of the jet in combination
with slightly higher laser power. The multilayer condenser mirror

Vol. 7, No. 6 / June 2020 / Optica

671

has potential for 20%–30% higher average reflectivity, and we
estimate the same goes for the zone plate. The resulting few-second
and few-minute exposures in 2D and 3D, respectively, would not
only be exciting, but it would also reduce system thermal stability
requirements.
Although improving exposure time is attractive, we note that
total data acquisition time is already longer than the exposure
times. Sample preparation and change of sample is a manual and
time-consuming activity that reduces throughput. Thus, improving this workflow has high priority. Equally important is improving
the robustness and reliability of the system. Imaging large ensembles of biological material requires a high up-time. Here the key
issues are laser and liquid jet stability.
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