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Abstract: The development of the broad-bandwidth photon sources emitting in the soft X-ray
range has attracted great attention for a long time due to the possible applications in high-resolution
spectroscopy, nano-metrology, and material sciences. A high photon flux accompanied by a
broad, smooth spectrum is favored for the applications such as near-edge X-ray absorption
fine structure (NEXAFS), extended X-ray absorption fine structure (EXAFS), or XUV/X-ray
coherence tomography (XCT). So far, either large-scale facilities or technologically challenging
systems providing only limited photon flux in a single shot dominate the suitable sources. Here,
we present a soft, broad-band (1.5 nm - 10.7 nm) soft X-ray source. The source is based on
the interaction of very intense laser pulses with a target formed by a cluster mixture. A photon
yield of 2.4 x 10'* photons/pulse into 47 (full space) was achieved with a medium containing Xe
clusters of moderate-size mixed with a substantial amount of extremely large ones. It is shown
that such a cluster mixture enhances the photon yield in the soft X-ray range by roughly one
order of magnitude. The size of the resulting source is not beneficial (<500 um but this deficit is
compensated by a specific spectral structure of its emission fulfilling the specific needs of the
spectroscopic (broad spectrum and high signal dynamics) and metrological applications (broad
and smoothed spectrum enabling a sub-nanometer resolution limit for XCT).

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Sources emitting photons in the soft X-ray range constitute the essential tools for applications
ranging from biology to material science [1] and, more specifically, these tools facilitate extending
our knowledge of atomic physics in the gas phase, soft x-ray scattering, magnetic spectroscopy,
high-resolution photoelectron spectroscopy, surface chemistry or spectromicroscopy. Typically,
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narrow bandwidth and high brilliance radiation from synchrotron beamlines is applied in so-called
user experiments. Easy tunability leading to the wavelength scanning regime is the most used
operational property but access to these facilities is still considered limited.

The wavelength range termed as “water window,” positioned between 2.3 nm (533 eV) and
4.4nm (284 eV) is determined by the absorption edges of oxygen and carbon and is particularly
interesting for high-contrast studies of biological samples. For spectroscopic applications such
as the near edge x-ray absorption fine structure (NEXAFS) or extended X-ray absorption fine
structure (EXAFS) focused on the electronic structure of molecules and materials, the beamlines
equipped with the spectrometers of very high resolving power are the working horses of the
community [2]. These methods require spectral widths of the applied radiation in the range of
30 eV (NEXAFS) and 300 eV (EXAFS). On the other hand, the newly invented and extensively
developed XUV/soft X-ray coherence tomography (XCT) [3,4] is a technique demanding broad-
band soft X-ray radiation. In this technique, the total reflectivity of layered samples is measured
and later processed with an algorithm based on the Fourier transform to provide the structure of
the buried reflecting interfaces with a nanometer resolution [5,6]. XCT has been demonstrated
in the extreme ultraviolet (XUV) and soft X-ray range by sweeping the photon energy of a
synchrotron photon source [5] and by using high harmonics generated in an atomic gas [6,7].
Recently, XCT of 2 nm resolution has been realized with a laser-produced plasma source emitting
soft X-rays [8]. The spectral range of extreme ultraviolet (XUV) is especially interesting because
the silicon semiconductor nanostructures have a transmission window between 30 and 99 eV.
However, many applications demand photons from a broader spectral range, including soft X-rays
(100—1000 eV) due to typically very short XUV absorption lengths (tens of nanometers) for
most of the elements. The soft X-rays can penetrate many solid samples characterized by the
absorption lengths approaching even one micrometer so that NEXAFS/EXAFS and XCT can
work with acceptable signal dynamics (high signal-to-noise ratio SNR). Both applications require
a high photon flux and highly sensitive and efficient spectrometers [9,10] so that the spectroscopic
measurements can be obtained within a reasonably short exposure time.

With the development of compact high-power lasers working at a very high repetition rate
[11], secondary photon sources in the soft X-ray range based on high harmonic generation
in gases have extensively progressed. With modern high-repetition laser systems operating
in the mid-infrared range (MIR), soft X-ray quasi-continua in the “water window” with up to
10® photons per second have been demonstrated by applying advanced techniques of the high
harmonic generation [12—15]. The advantage of high harmonic sources is the ultra-short pulse
duration enabling pump-probe experiments with a temporal resolution even in the range of
attoseconds, accompanied by beam divergence lower than that of the driving laser. A disadvantage
of the harmonic sources is an adverse scaling rule for single-atom yield ~ A= [14].

Another way of generating soft x-ray radiation exploits the emission from laser-produced
plasmas [1]. Dense gas targets [16] and liquid droplets [17,18] were irradiated with the J-class
lasers with nanosecond pulse duration to generate suitable plasma. These laser-plasma sources
were successfully applied e.g. in compact x-ray microscopy [16—18]. Such sources are typically
characterized by a high yield, e.g. 5x 10" photons/(sr-pulse) in a single line at 3.37 nm [17]
or equivalently a high brightness of 10'? photons/(s - sr - um?) [18]. In contrast to microscopy,
the applications such as NEXAFS or XCT need laser-plasma sources with very broad and
smooth spectra. Therefore, the strategy for designing a broadband soft X-ray source relies on
merging multiple emission lines to form a spectrally quasi-continuous emission. This strategy
applying control over the broadening mechanisms requires ions of higher atomic number, for
example, krypton or xenon, and of high density. Alternatively, mixtures of elements, for example,
molecular gases, can also be used to obtain more emission lines. In addition, hot plasmas produce
higher charge states, which can further broaden the emission lines [19] and shorten the emitted
wavelength.
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In this paper, we present a broad-band soft X-ray source emitting radiation in the wavelength
range of 1.5 nm to 10.7 nm including the “water window”. The source based on the interaction of
an intense femtosecond laser pulse with a dense cluster target shows a quasi-continuous spectrum
in the specified spectral range and a photon yield of ~10'* photons/pulse into full space (4n
sr). Based on the theoretical approach it is shown that the demonstrated source is very well
suited for such applications as NEXAFS or especially XCT if combined with high resolution
spectrometry. The benefits discussed in this work originate from a specific mixture of xenon
clusters containing some amount of exceptionally large ones with an average diameter noticeably
exceeding the irradiation wavelength [20]. The soft X-ray radiation emitted from such a source
confirms its suitability for the mentioned applications. This is reflected in the spectral structure,
high conversion efficiency of the irradiation energy into the SXR spectral range including the
“water window” as well as the size of the source. An idea of how to improve such a source is also
briefly discussed.

2. Experimental setup

A Ti:Sapphire CPA laser system (JETI 40 at the Friedrich-Schiller University in Jena, Germany)
operating at a wavelength of 795 nm was used as the laser driver. The laser energy of ~700
mJ was focused by an /3 off-axis parabola (OAP) (focal length f=76.2 mm) and delivered
to the target by 40 fs pulses. The laser pulses interact with the target created by a streaming
mixture of xenon clusters confined within an external thin stream of helium [20]. A sketch of the
experimental arrangement is shown in Fig. 1. For the sake of presenting experimental results we
applied the coordinate system with axis z along the beam axis and two transverse directions x, y
were selected according to the principles.

Laser clusters
driver Co e . cCD
"""5 slit  grating

R o |
-__ ] W

Valve with nozzle

Fig. 1. Sketch of the experimental setup. The outer stream of helium confining the clusters
within a limited solid angle is not shown.

2.1. Target irradiation

The applied focusing optics resulted in a focal spot area of 3.1 x 10~/ cm? (FWHM), and this gave
a peak intensity of <1 x 10! W/cm?, under the assumption of 40% of the total energy encircled
in the focal spot. The temporal pulse profile is an important parameter for the laser-plasma
interaction as it determines the dynamics of the ionization and heating processes [21]. The
contrast of the irradiating pulse defined as C(t) = Ipckgnd (t) / Imax (see Fig. 2) was < 1078 due to a
level of the radiation background originating from the amplified spontaneous emission (ASE), but
it was locally worsened by the pre-pulse located ~ 30 ps in front of the main heating femtosecond
pulse, as shown in Fig. 2. The main laser pulse faces different interaction conditions with the
clustered matter depending on the background level and its length Tyckgng in relation to the cluster
expansion time Texpans [22]. Typical values of our experimental irradiation conditions and the
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target parameters allowed an estimate of the expansion time to be ~70 - 100 ps for the clusters of
aradius of 1.2 um. This value precludes an efficient contribution of the resonance effect to the
total absorption. It is also worth noting that an increase in the cluster size generally lengthens the
duration of the short-wavelength emission.
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Fig. 2. The temporal profile of the irradiating laser pulse measured with a 3'9-order optical
cross-correlator. The waveform is an interpolation created on the basis of those registered in
the previous experiments to show the main laser pulse features on the right time scale.

The measurement of the laser pulse shape with a 3™-order cross-correlator showed that the
main part of the background of a length of 200-300 ps (including the pre-pulse) started to increase
noticeably 10 ps before the main pulse peak (see Fig. 2). A rough estimate gave a value of 30
J/em? for the incident fluence and ~10 pJ for the upper limit of the incident background energy.
This amount of energy has determined the behavior of the clusters before the arrival of the main,
intense laser pulse.

2.2. Cluster target

The mixture of clusters exploited as the target was produced in a stream of working gas (Xe
here) injected into a hollow outer stream of an auxiliary gas (He); both were ejected from a
double-nozzle gas puff developed at IOE MUT. The detailed target design and the reason for
the appearance of extremely large clusters were explained in [20,21]. The design allowed for
enhancing not only the working gas density outside the nozzle but also that of the clusters.
The interplay of the gaseous streams ejected from the double-nozzle created, when correctly
synchronized, a sort of cylindrical nozzle of smoothly varying divergence filled up by the working
gas. We performed a delay scan in the range of +/- 300 us from the optimal laser-target delays.
The optimal delays were chosen for maximizing the output signal. Only in that scan range,
there was any output emission from our source. The nozzle together with the gas reservoir was
thermoelectrically cooled by the Peltier effect down to 245 K. The X-ray yield was maximized at
the backing pressures of 4 bar for Xe and 3 bar for He. In the presented case, the average atomic
density in the stream approached a value of 8 x 10'® cm™.

3. Results and discussion

3.1. Laser-cluster interaction

The pioneer works by Ditmire, et al. [23,24] initiated a vigorous pursuit of the phenomena
accompanying the interaction between clusters and high-intensity laser radiation and the physical
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scenarios of the processes are well established [23-27]. A cluster benefits from its very high
density markedly increasing energy coupling to the matter. Unfortunately, a low average density
of the clustered medium is usually the major problem. This deficit was at least partly removed in
our arrangement due to the constant pressure exerted by the external gas stream. The pressure of
the expanding auxiliary outer gas (He) stream enforced the elimination of the free space surplus
by shifting the clusters towards the nozzle axis and for this reason, we termed the “tube” of the
external gas the “soft nozzle”.

Very large (giant) clusters were less investigated in the past due to the difficulties in forming
them even if remarkable attention was paid to droplets of size characterized by a few tens of
micrometers [28,29]. Such big objects interact with radiation in a very complex way and after
ionization the further path depends on the relation between the cluster size and the duration of
the laser pulse [30,31].

Taking into account such an effect, the diversity of the clusters, obtained from our setup, having
radii from tens of nanometers to above 1 um can be considered a unique medium. The number of
the available atoms in a single largest Xe cluster (~10'°-10'! atoms/molecules) is exceptionally
large [20]. As a consequence, the laser-matter interaction should result in a broad spectrum of
the emitted radiation typical for solid-like targets. Under the available irradiation conditions
characterized by a very short laser pulse (3040 fs) and lack of a plasma mirror (limited pulse
contrast), the size of the clusters together with the background radiation became the decisive
factors in determining the absorption process and the conversion of the deposited energy into
the short-wavelength radiation. The heating process is initiated by optical field ionization [31]
followed by a fast collisional absorption [32,33]. Collisions are also the dominant factor in the
excitation of the atomic levels involved in emission and this makes it a long-lived process. The
latter competes with the re-absorption process. This time scale becomes more significant with an
increase in the cluster size due to the accompanying increase in the emission duration.

The laser energy deposition in the gas has to be discussed in relation to the dynamics of the
plasma generated in the clustered medium. Taking into account the undetermined expansion
scale caused by the pulse background, the main ultra-short laser pulse can meet a partially
rarefied medium. The larger clusters will expand slower. Moreover, the quite popular model
of spherical expansion [23] is actually no more adequate due to the size of the clusters and the
asymmetry enforced by the relation of the cluster size to the laser wavelength [34]. While the
interaction starts with tunnel ionization, one can expect a remarkable contribution of the inverse
bremsstrahlung (IB) already during the laser pulse due to the very high density of the cluster
material. This contribution enables approaching electron energy exceeding 1 keV despite a very
short driving laser pulse [32,33]. Any attempt at a detailed analysis of the giant cluster expansion
requires separate advanced modeling, and this aspect is out of the paper’s scope. Nevertheless,
the main features, such as smoothness and expansion scale of the source are easily visible in the
temporally integrated images of the source, where the lateral size changes (along the shorter axis
of the plasma plume) are induced only by the hydrodynamic effects and are hardly influenced by
ionization and the moving breakdown.

3.2. Emission from clusters heated by an intense femtosecond laser pulse

The emission characteristics of the giant cluster target, when irradiated by very intense laser
pulses, determined its suitability for applications.

3.2.1. Photon yield

The emission spectrum of the cluster target was recorded for both the cooled and uncooled
targets. Each presented spectrum was recorded by averaging over 50 soft X-ray (SXR) pulses,
and then it was repeated 3 times under the same nominal irradiation and target conditions. The
acquisition geometry is shown in Fig.1(a). The spectrally resolved signal was registered with
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a transmission grating (2000 1/mm) spectrometer equipped with a 50 um wide entrance slit.
The source’s longitudinal axis (the laser propagation axis) created an angle of 45° with the
observation direction. The target containing, among others, the giant Xe clusters emitted in a
single pulse within the spectral range between 2 nm and 5 nm a number of photons equal to
1.9 x 103 ph/sr with pre-cooling the gas reservoir and 1.8 x 10'? ph/sr without that. It was found
that the conversion efficiency of the laser energy into this soft X-ray isotropic emission from
the pre-cooled xenon was about 2 x 1073 at the applied driving laser intensity. Here, it is worth
stressing that the emitted spectrum was significantly broader than that taken in the estimates, and
its width exceeded 10 nm (equivalent to AE > 1 keV), as is seen in Fig. 3.
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Fig. 3. The spectral intensity distribution (spctr) of the xenon emission and the emitted
photon numbers (no. phot.) for two different temperatures of the reservoir gas: 293 K
(denoted as ncool) and 245 K (cool) transmitted by 0.5-um Ti filter between source and
CCD.

Thus, using the pre-cooled gas resulted in an increase in the number of emitted photons
by a factor of 10 for Xe in the spectral range under consideration. This enhancement can be
even stronger in the energy domain as the photon number increase is realized mainly by the
short-wavelength (more energetic) photons. This is visible in Fig. 3, where a noticeable level
of the signal was registered already at a wavelength slightly above 1.0nm, and this clearly
demonstrates that cooling the gas reservoir leads to a significant extension of the emitted spectrum
towards shorter wavelengths (more energetic photons). The full spectral range of the recorded
emission was roughly between 1 nm (1.2 keV) and 10.7 nm (=0.115 keV) and it was limited
by the detection system. In reality, the low-energy cut-off was even below 0.1 keV. The broad
bandwidth definitely predestines the source for spectroscopic applications.

3.2.2. Source size

The irradiation conditions were selected mainly to reveal the tendency in the target performance.
The time-integrated dimensions of the short-wavelength source were estimated by applying
a pinhole camera with a pinhole diameter of 0.1 mm and a magnification of M =3.78. The
magnification resulted from the source-pinhole and pinhole-camera distances equal to 185 mm
and 700 mm, respectively. The image of the source with the real (corrected) dimension values is
shown in Fig. 4.

Importantly, we have deliberately modified the dynamics scales of the presentation to stress the
difference between the sources in the two considered cases, i.e. the un-cooled gas (Fig.4(a)) and
the pre-cooled gas (Fig.4(b)). Many component images were acquired at a single-shot regime
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Fig. 4. Contour image of the source’s 2D intensity distribution recorded at the emitted short
wavelengths when a) the working xenon gas was not cooled, and b) Xe was pre-cooled to a
temperature of 245 K. Note that the color bars corresponding to intensity level are equal in
both cases to stress the difference in the emission strength while the dynamics of the signal
is still artificially reduced by integrating 50 pulses for the panel a) and 20 pulses for the
panel b); the red arrows show the incidence direction of the laser beam. Note also that the
axes description is recalculated to give the real source dimensions.

at the irradiation conditions optimizing the output. The image of the source — SXR emission
from the un-cooled target was integrated over 50 SXR pulses (images), while the emission from
the pre-cooled target was integrated over only 20 SXR pulses. Without these means, the signal
from the un-cooled target would not be visible at the same dynamics scale. The shape of the
source is slightly asymmetric and lacks a clear plasma filament due to, in our opinion, a very
intense ionization process. This can be explained by the effects of plasma shielding and the
moving breakdown [35]. The dimensions of the fully expanded sources were recorded with a
pinhole camera in place of the spectrometer in the experimental set-up presented in Fig. 1. The
arrangement included suitable filters (here 500 nm-thick Ti filter was used). The filter transmits
moderately the radiation between 1 nm and ~8 nm wavelength.

The source created in the clustered (cooled) Xe performed in a reasonable way. The precooled
gas gave the source axial dimension of 481 + 3 um and 262 + 1 pym in the radial direction with the
radiant energy of 6 x 107 J/sr in a single shot. The corresponding parameters for the gas without
pre-cooling were 578 +4 um and 262 + 1 um, respectively, with energy of 1.1 x 107 J/sr. There
are two noteworthy features of the source driven by the intense irradiation of the cluster mixture.
Cooling gives always a smaller but more productive emitter. Some contraction of the interaction
volume after the clustering process caused by the outer gas stream and more intense ionization in
the case of the pre-cooled gas seems to be responsible for that. The energetic yield increased 6
times for the Xe target; the changes introduced by the spectral range and transmission of the filter
were taken into account. Here, it should also be stressed that the relatively large pinhole (100
um in diameter when the estimated optimum diameter was =35 um) contributed to a noticeable
uncertainty (overestimate) in the size of the recorded source image (0, ) and required corrections.
The calculated errors caused by the blur and diffraction effects were clearly dominated by the
former and were taken into account in the corrected source size based on geometrical optics. The
absolute value of the blur size was equal to Oppy = 0.138 mm, and the diffraction contribution
(o4ifr) was negligible (~10~* mm). These factors contributed about 29% to the imaged size of
the Xe source along the x-axis. The standard formula (1):

Tsource = (O—lzm - O-lzlur - O—;ﬁ)l/z/M (D



Research Article Vol. 30, No. 26/19 Dec 2022/ Optics Express 47874 |
Optics EXPRESS A N \

was used to estimate the real source sizes (Osource) quoted earlier. For the sake of completeness, it
is worth noting that the full lengths of the Rayleigh zone were different in the x — zand y — z
planes and were equal to 126 pm and 269 pum, respectively.

The results prove that optimized interaction conditions should further improve the performance
of the source and also the evidence of the progress in the targetry development (production
of the cluster mixture). The latter could open new ways for progress in the performances of
short-wavelength sources as well as laser particle acceleration and neutron generation.

The parameters of a focused beam are important for the transverse resolution of an XCT system.
Contrary to the axial resolution, the transverse resolution is not directly related to the optical
source. This parameter is determined by the focusing optics combined with the properties of
the optical beam that illuminates the sample and can be thought of as the minimum spot size
to which an optical beam can be focused. Hence, both the emitted wavelength and the source
size come under consideration. While the short wavelength is in favor of this type of resolution,
the noticeable transverse dimensions of the source can put some constraints on the achievable
focal spot. The transverse resolution of a simple optical system is determined by the expression
M(2-NA) combining the influence of the source wavelength (A) and collecting power of the optical
system related to the source. A high value of numerical aperture (NA) improves the resolution
but at the same time limits the depth of field. In practice, this puts a constraint on the possible
changes of NA and, as a consequence, limits the source size in a system of reduced radiation
collecting power. It is obvious that the spectroscopic experiments require small sources and if
necessary one applies slits. This results in photon flux losses.

3.2.3. Spectral modulation

The problem of spectral modulations has already been identified in the standard optical coherence
tomography (OCT) schemes and as a consequence, carefully analyzed (see e.g. [36]). The
general conclusion was that the spectrum has to be smooth, broad and in the best case, it should
possess the Gaussian profile. These properties are generally beneficial for many metrology-related
applications and X-ray absorption spectroscopy. The reason for that is obvious when one considers
the inverse Fourier transform of the signal reflected from a sample. The inverse transform of
the spectral power density (spectral distribution of intensity) of the recorded signal delivers,
according to the Wiener-Khintchine theorem, an auto-correlation function (ACF) containing the
encoded sample’s spatial structure along the normal to the sample surface.

The ACF is directly related to the mutual coherence function (MCF) of the irradiating radiation,
and the latter is crucial for the work of the OCT/XCT systems as the radiation coherence length
constitutes the main factor determining the resolution of the longitudinal imaging. i.e. along the
axis parallel to the normal of the sample surface. A very narrow MCF (and the same is valid for
ACF) is required for achieving a very high level of depth’s resolution according to the formula
derived from the Fourier uncertainty relation for the Gaussian spectral shape [36]

2In2 A2
Adrwrm

Azrwam = (2

For this reason, coherence of the source contributes to the resolution limit of the system. On
the other hand, the inverse Fourier transform (FT~!) of the source power spectrum Sqource(V)
gives ACF equal to MCEF, frequently denoted as I'(t), where 7 is for the temporal delay, and v is
the frequency (spectral domain). Thus, MCF becomes the complex depth’s point spread function
(PSF) modified by or convoluted with the structure of the backscattering profile. Conversion of
the source’s spectrum to the spatial frequency domain (k) shifts the result of the inverse transform
to space in the longitudinal direction (z) [37] and the measured reflected signal can be described
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as

Isr(z) = 2Re{CSR(2)} = 2Re{Ssource(2) * h(2)} 3

where the reflected signal is given by CSR(z) - the cross-spectral power density, h(z) denotes the
backscattering profile and * is the convolution operator. The sample model in a form of a stack
of Fresnel-reflecting interfaces associates amplitude reflectivities r(z) with the backscattering
profile h(z). Thus, the source’s ACF can be treated as a form of ideal or ultimate point-spread
function (PSF) of the system, i.e. the common image quality metrics, and this has to be as narrow
as possible. It is obvious that the source spectral structure will contribute to the effective PSF
taking into account also the optical system as well as the longitudinal imaging quality considered
as the axial (or depth) resolution level. For the reasons explained earlier, the possibilities of
coherence function shaping are very limited and the role of the spectral structure of the source
becomes even more important in the case of short-wavelengths. Two different spectra emitted by
two laser-plasma X-ray sources (LPXSs) are compared in Fig.5a and Fig.5b.

The spectrum plotted in Fig. 5(a) illustrates a typical spectrum of a dense Xe gas applied
frequently in the XCT and spectroscopy experiments up to date, while Fig. 5(b) demonstrates
the spectral power density recorded with the new cluster target under investigation. The plots
presented in Fig. 5(c) are the corresponding results of the inverse Fourier transform. The
visible huge difference in the width of both ACFs confirms the necessity of the source spectrum
smoothing. While LPXS based on the standard dense gas target is characterized by ACF having a
width (FWHM) of 7.4 nm, the mixture of clusters offers 1.3 x 10~2nm. Thus, the plots in Fig. 5
illustrate also indirectly the consequences of spectrum modulation for the I'(z) function.
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Fig. 5. a) The spectral power density (intensity spectrum) vs. spatial frequency of the
xenon emission from plasma generated in a high-density gas ejected from the double-stream
nozzle; b) The spectral power density (intensity spectrum) vs. spatial frequency of the xenon
emission from plasma generated in the clusters mixture; ¢) Autocorrelation functions (ACFs)
extracted from both intensity spectra (a) and b)) with the inset presenting the ACF of the
signal from clusters on a much finer scale.

The degradation of the smooth spectral shape of the source is the cause of the sidelobes in
the autocorrelation plot, which, as discussed earlier, leads to an image consisting of multiple
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staggered copies of the desired image. Here, the reference source can be helpful in many aspects,
but it cannot improve resolution. These staggered copies of the sample appear as echoes of the
highly reflecting interfaces in the OCT/XCT image. The biggest challenge in the design of a
suitable source is to combine a large bandwidth with a smooth spectrum shape.

The claim that a Gaussian power spectrum is preferential in OCT/XCT systems does not seem
to be an indispensable condition as Fig. 5 clearly demonstrates that even a strongly distorted
Gaussian spectrum (if Gaussian at all) still leads to a very narrow ACF.

4. Conclusions

While the laser technology in the spectral ranges of visible (VIS) and near-infrared (NIR)
radiation offers many standard techniques facilitating control over the emitted spectrum, the
short-wavelength sources based on laser plasma have no such possibilities. As a consequence,
only the interaction conditions and the target formation allow the influence on the spectral content
of the short-wavelength output at a reasonable expense.

The presented results prove that a mixture of clusters containing among others very large
objects ejected from a cooled double-nozzle gas puff facilitates overcoming many drawbacks in
using a gas target. It was shown that such a mixture irradiated by an intense laser beam offers
very efficient spectral broadening mechanisms leading to a very broad (the spectral bandwidth of
~] keV) and relatively smooth spectrum. Such a spectral output is favored in the applications
such as X-ray coherence tomography and edge-oriented X-ray absorption spectroscopy. It fulfills
the basic requirements crucial for application as a radiation source in these techniques. The
photon flux is high, and the power spectrum is not only broad but also sufficiently smooth. The
quality of the spectrum features has been confirmed by the estimates of the source ACF. The latter,
determined by the inverse Fourier transform of the spectral power density shape, is significantly
narrower than that of the typical X-ray sources utilizing dense gas targets. It gives an absolutely
new quality. We think that the outer He gas stream efficiently hinders the Xe cluster stream from
expanding. As a result, the average cluster concentration increases. On the other hand, the same
source delivers a very high photon flux ensuring a reasonably high signal-to-noise ratio (SNR),
and enables applying it in spectroscopic experiments of NEXAFS or EXAFS. Both techniques
demand a high SNR and in the case of EXAFS also an extremely broad and smooth spectrum.

A reasonable transverse resolution in both applications of interest is connected with the source
size and here the noticeable dimension of the source itself enforces using focusing optics. While
the spectroscopic application eliminates the problem by introducing a slit of a necessary width
(at the expense of photon flux), XCT will need focusing optics. For this reason, the source size
should be reduced to limit the losses connected with the application of low-NA optics. The
opposite requires an effective increase in the collecting power of the focusing optical system.
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