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Abstract: An extremely compact soft x-ray microscope operating in the 
“water window” region at the wavelength λ = 2.88 nm is presented, making 
use of a long-term stable and nearly debris-free laser-induced plasma from a 
pulsed nitrogen gas jet target. The well characterized soft x-ray radiation is 
focused by an ellipsoidal grazing incidence condenser mirror. Imaging of a 
sample onto a CCD camera is achieved with a Fresnel zone plate using 
magnifications up to 500x. The spatial resolution of the recorded 
microscopic images is about 100 nm as demonstrated for a Siemens star test 
pattern. 
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1. Introduction 

Benefitting from the high absorption contrast between carbon and oxygen, transmission x-ray 
microscopy in the spectral range of the “water window” (λ = 2.3 – 4.4 nm) has been proven to 
be an extremely useful tool for the investigation of biological and mineralogical samples, 
accomplishing, e.g., tomographic studies of cryogenic cells [1–5] and spectromicroscopic 
analysis of soils, making use of the inherent element-specific contrast [6]. Using Fresnel zone 
plates as highly magnifying objectives spatial resolutions in the range of 10 nm have been 
achieved [7, 8]. However, owing to the necessary high photon flux of short wavelength 
radiation, until now, such studies are almost exclusively conducted at synchrotron sources. 

In order to overcome this limitation there are ongoing efforts to employ also lab-scale 
sources based on laser-produced or gas discharge plasmas for soft x-ray microscopy. 
Considerable progress has already been achieved in this field [9–13]. For instance, Legall et 
al. [13] have recently described a system in which a laser plasma is generated in a liquid 
nitrogen cryo jet, making use of a master oscillator power amplifier (MOPA) laser that 
generates average powers of up to 130 W at sub-ns pulse durations. Micrographs of 
impressive quality with a resolution of several 10 nm, acquired at moderate exposure times, 
have been presented. 

Notwithstanding these achievements, there is definitely still the need for further 
compaction and simplification of lab-scale soft x-ray microscopes in order to pave the way 
for their wider dissemination. Long-term stability and ease of operation are major issues in 
this context. In particular, a major problem of laser-produced and especially gas discharge 
plasma sources is the nearly inevitable generation of debris particles, which can severely 
damage optical elements in relatively close vicinity to the plasma, especially condenser 
mirrors [14]. Regarding laser-produced plasma sources, alternatives to solid or liquid jet 
target concepts should be considered in order to reduce or totally avoid optics degradation 
from debris. The operation of liquid jet targets requires also considerable experimental and 
technical effort including large pumping powers and liquid nitrogen cooling, impeding the 
development of compact devices. 

#212497 - $15.00 USD Received 20 May 2014; revised 18 Jul 2014; accepted 13 Sep 2014; published 18 Sep 2014
(C) 2014 OSA 22 September 2014 | Vol. 22,  No. 19 | DOI:10.1364/OE.22.023489 | OPTICS EXPRESS  23490



Such inconveniences can be overcome by the use of short-pulsed gaseous targets, which 
enable the construction of rather clean, compact and long-term stable soft x-ray sources [15, 
16]. Such devices have already been successfully applied in various fields, ranging from 
material ablation and structuring to absorption spectroscopy [17–19], although their photon 
yields and peak brilliances are definitely smaller, as the plasma size increases to several 
hundreds of µm due to the lower particle density [15]. However, progress in the optimization 
of gaseous plasma sources has been achieved by using cluster beam targets [20], double-
stream gas puff targets [21], or by forming supersonic jets in combination with a barrel shock 
[22], all leading to smaller and brighter plasmas due to locally enhanced particle densities. 

In the work presented here we demonstrate that soft x-ray microscopy in the “water 
window” range can be accomplished by an extremely compact and long-term stable setup, 
using a standard Q-switch ns laser and a pulsed gas jet as inherently debris-free target for 
plasma generation. Along with a description of the new microscope operating with 
monochromatic radiation from He-like nitrogen at a wavelength of 2.88 nm first micrographs 
from various samples are presented. 

2. Experimental 

The setup of the table-top soft x-ray microscope is depicted in Fig. 1. 

 

Fig. 1. Schematic drawing (top) and photograph (bottom) of the table-top soft x-ray 
microscope (cf. text). The inset shows a pinhole camera image of the laser-induced nitrogen 
plasma averaged over 10 pulses recorded for the emission wavelength of 2.88 nm. 

It consists basically of a laser-induced plasma source, an ellipsoidal condenser mirror, a 
Fresnel zone plate objective, and a back-illuminated CCD camera sensitive for soft x-ray 
radiation. Due to the high absorption cross-section of soft x-rays with matter, the experiments 
are performed in a vacuum system with a base pressure of 1*10−6 mbar. 

The laser-induced plasma source has been described in detail elsewhere [23, 24]. It is 
based on a gas target and a Nd:YAG laser system (Quantel, wavelength 1064 nm, pulse 
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energy 600 mJ, pulse duration 10 ns). The pulsed gas jet used as laser target is created by a 
fast valve (Proch-Trickl setup [25]), consisting of a piezo disk translator (Physik-Instrumente, 
P-286.72) to generate short gas pulses (topen = 900 µs). It allows for a pressure of about 5*10−3 
mbar during operation (repetition rate 5 Hz, gas backing pressure p = 20 bar). The gas jet is 
formed by a conically diverging nozzle (300 µm to 550 µm diameter). The laser beam is 
focused by a lens with focal length f = 100 mm onto a nitrogen gas jet. The radiation emitted 
from the nitrogen plasma is filtered by a titanium (Ti) filter (thickness 200 nm) to block out-
of-band radiation, such as visible light or scattered laser radiation. Furthermore, radiation 
below the Ti L-edge (λ = 2.7 nm) is also blocked, ensuring monochromatic irradiation of the 
sample at λ = 2.88 nm wavelength. Figure 2 shows the emission spectra of nitrogen in the 
wavelength range from 1.5 nm to 3.5 nm measured with Al and Ti filters, respectively [26]. 

The spatial distribution of the nitrogen plasma is monitored by a pinhole camera (pinhole 
diameter 50 µm) utilizing a CCD chip (Sony ICX285, 6.45*6.45 µm2 pixel size, 1280*1024 
pixels) sensitized to the soft x-ray spectral range by a phosphor coating (cf. Figure 1). The 
pinhole camera is also equipped with a Ti filter ensuring registration of the plasma in the 
“water window” range only; the nitrogen plasma size at λ = 2.88 nm is measured to be 
0.44*0.24 mm2 (FWHM). 

 

Fig. 2. Emission spectra of nitrogen in the wavelength range from 1.5 nm to 3.5 nm measured 
with Al and Ti filters, respectively. Transmission data of both filters are taken from CXRO 
[27]. 

The soft x-ray radiation from the nitrogen plasma is collected and focused by an 
ellipsoidal, axisymmetric nickel coated condenser mirror (Rigaku, Inc., focal length 300 mm, 
mirror length 100 mm) into the object plane. The condenser has an entrance numerical 
aperture of NAC_in = 0.071 and an exit numerical aperture of NAC_out = 0.044, respectively, 
resulting in a magnification of the focus size by a factor of NAC_in/NAC_out = 1.6. A Fresnel 
zone plate objective (ZonePlates Ltd., 190 µm diameter, minimum zone width drn = 30 nm, 
number of zones 1580) images the sample onto a soft x-ray sensitive CCD camera (Roper 
Scientific, back-thinned back-illuminated, 13*13 µm2 pixel size, 1024*1024 pixels) using 
magnifications up to 500x. The numerical aperture of the Fresnel zone plate is NAFZP = 0.048, 
thus nearly matching the exit numerical aperture of the condenser (NAC_out/NAFZP = 0.92). 
Both sample and Fresnel zone plate are mounted on motorized three-axis translation stages 
(mechOnics). Since the depth of focus of the Fresnel zone plate is only ± 0.62 µm at 2.88 nm, 
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the zone plate is moved along the optical axis with a step size of 1 µm in order to obtain the 
image with the highest resolution. The CCD camera is cooled down to −40 °C to reduce its 
intrinsic thermal noise during image acquisition. Additionally, a background map was 
subtracted from all micrographs to account for systematic non-uniformities of the CCD 
camera. 

3. Results and discussion 

Before installation of the Fresnel zone plate, the adjustment of the grazing incidence 
condenser mirror was optimized by the measurement of intensity profiles at various positions 
along the optical axis (z-axis), utilizing both the phosphor coated CCD chip (as in pinhole 
camera) and the back-illuminated CCD camera. Figure 3 displays the results of these 
measurements for different camera positions. To record the spatial distribution in the focus of 
the ellipsoid without overexposure of the camera the radiation was attenuated with a 
polypropylene foil of 4 µm thickness (transmission 0.2% at λ = 2.88 nm [27]). A Gaussian-
like spatial profile with a diameter of dx = (430 ± 10) µm and d y = (420 ± 10) µm (FWHM) is 
registered for the focal plane (z = 0), representing the object plane of the soft x-ray 
microscope. 

 

Fig. 3. Spatial intensity distribution of soft x-ray radiation at λ = 2.88 nm for different 
positions along the optical axis behind the ellipsoidal condenser mirror; the minimum spot 
diameter at z = 0 mm (object plane) is dx = (430 ± 10) µm and d y = (420 ± 10) µm, 
respectively. For a better view of the spatial profiles the intensities at z = −10 mm and z = 10 
mm were enhanced by a factor of 2. The image at z = 105 mm was taken with the back-
illuminated CCD camera (see text). 

Measurement of the pulse energy in the focal spot is conducted with a calibrated XUV 
photo-diode (IRD AXUV100) with Ti filter in place. Taking into account the fractional 
energy seen by the Fresnel zone plate (diameter 190 µm), the single pulse energy density in 
the object plane is determined to be (0.040 ± 0.005) mJ/cm2 corresponding to about 5.8*103 
photons/µm2 per pulse. 

In order to assess the imaging performance of the microscope over the full field of view 
(FOV), a Siemens star test pattern (NTT-AT, model ATN/XRESO-50, 200 nm Ta on Ru(50 
nm)/SiN(200 nm) membrane) was imaged. Figure 4 shows a corresponding micrograph, 
indicating an almost uniform illumination over a field of view of ≈10 µm (cf. Figure 4 inset). 
Structures with a size of ≈100 nm are resolved in all directions. Without sample the detector 
is illuminated with ≈0.8 photons/s/pixel (size 26 nm, magnification 500x). These photon 
numbers indicate a zone plate diffraction efficiency of about 4%, which is consistent with the 
specification provided by the manufacturer and is comparable to the results of Legall et al. 
[13], who have reported ≈12 photons/s/pixel for the same pixel size and a 20 times higher 
average laser power. 
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Fig. 4. Soft x-ray micrograph of Siemens star recorded with a pixel element size of 52*52 nm2 
(magnification M = 250) using 18000 pulses (60 min). The inset showing the central part of 
the Siemens star is recorded separately at a higher magnification of 500 (pixel element size 
26*26 µm2) using 36000 pulses (120 min). 

Furthermore, geo-colloids collected from a water sample (Main river / central Germany) 
and suspended on a Si3N4 membrane (Silson, thickness 200 nm) were investigated at a 
magnification of 500, showing micro-structured as well as irregular particles (cf. Figure 5). 
The necklace-like structure visible in the lower part of the micrograph is supposed to stem 
from biological debris material. The spacing of the regularly arranged isolated “holes” is 
approximately 215 nm, indicating the high resolution capacity of the table-top soft x-ray 
microscope. 

The maximal resolution of the described microscope given by the Fresnel zone plate is δ = 
1.22*drn ≈37 nm, assuming incoherent illumination. The discrepancy between this theoretical 
resolution and the obtained value of 100 nm can be explained by several factors: First of all, 
due to the digitization of the microscopic images (effective camera pixel size 26 nm at 500x) 
the achievable resolution is reduced to 2.3*26 nm = 60 nm according to the Nyquist-Shannon 
sampling theorem [28]. Secondly, the obviously still rather low signal-to-noise ratio (S/N ≈9) 
of the recorded micrographs results in a low image contrast which clearly reduces the spatial 
resolution. Calculations of the degree of coherence considering the hollow cone illumination 
of the condenser mirror show that effects of partial coherence must be considered for 
structures smaller than 110 nm [29], reducing the image contrast as well. Moreover, small 
vibrations as well as long-term thermal drifts of the optical setup may decrease the apparent 
resolution of the microscope, especially regarding the long exposure times (up to 120 min). In 
addition, small angular tilts of both Fresnel zone plate and sample might adversely influence 
the imaging performance. Nevertheless, the spatial resolution is relatively close to the 
maximal one. 
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Fig. 5. Soft x-ray microscopic image of geo-colloids taken from the Main River (18000 pulses, 
60 min, pixel element size 26*26 nm2). 

4. Conclusion and outlook 

In this paper we have demonstrated the feasibility of a table-top soft x-ray microscope 
operating at a wavelength of 2.88 nm. It is based on an almost debris-free, long-term stable 
laser plasma produced in a gaseous target. Currently structures of about 100 nm in size are 
already detectable, being limited, among other factors, by the low signal-to-noise ratio due to 
the relatively low brilliance of the plasma. However, the presented system offers various 
opportunities for scalability of the photon flux, which have already been separately 
investigated in the past. First of all, lasers of higher repetition rate (average power) and / or 
shorter pulses can be employed. Recently it has been shown that, due to the higher degree of 
excitation, the use of ps laser pulses of the same energy as the currently employed ns pulses 
can boost the brightness of the plasma by more than a factor of 10 in the “water window” 
range [26]. Moreover, higher particle densities by use of either higher gas pressures or the 
barrel shock approach can increase the brilliance of the laser plasma by at least one order of 
magnitude [22]. 

Such improvements will be incorporated into the system in the future in order to reduce 
the exposure times for recording of micrographs, thereby maintaining the compactness of the 
microscope and especially the inherent cleanliness of the soft x-ray source. 
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