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The growing interest in solar corona and heliospheric backscatter glow observations in the
vacuum ultraviolet, along with technological advancements in the feasibility of vacuum
ultraviolet optical components for such applications, underscores the need for improved
metrological solutions. This work presents a detailed characterisation of a compact
laser-produced plasma vacuum ultraviolet source based on a double-stream gas-puff target,
relevant in the metrology of optical elements for space applications. The measurements
include the source spectrum, the number of photons, and the source size for targets produced
using different gases. Such a source was used to test optical components of the Lyman-alpha
space-based observation systems and remains available for future metrology applications.
To the best of our knowledge, this is the first application of a laser-produced plasma vacuum
ultraviolet source for characterising space-relevant optical components.

1. Introduction

Vacuum ultraviolet (VUV) with wavelengths from 10 nm
to 200 nm [1] has long been important in ultraviolet
astronomy [2, 3]. Due to the fact that VUV radiation is
completely absorbed in the Earth’s atmosphere, astro-
nomical observation systems must be located in space.
Comprehensive information on VUV astronomy and the
equipment used to observe space objects and measure the
radiation they emit can be found in the monographs
mentioned above. An important area of VUV astronomy is
the observation of the Sun and the heliospheric backscatter
glow resulting from the fluorescence of neutral interstellar
gas inside the heliosphere illuminated by the Sun [4, 5].
Such observations are used by astrophysicists to
analyse solar activity, understand the impact of solar
magnetic effects on developing planetary systems [6],
study the effects of solar flares on Earth’s atmosphere [7],
or investigate the composition and acceleration of the solar
wind [8]. Lyman-o emission is used to observe the Sun,
comets, and the heliosphere, as well as to study terrestrial
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and planetary atmospheres. Moreover, it is also important
in many broader astrophysical contexts, including
cosmological studies — for instance, its redshifted signature
was used to discover agalaxy during the Epoch of
Reionization, observed by the James Webb Space
Telescope [9]. The Space Research Centre of the Polish
Academy of Sciences (CBK PAN) in Poland designed
a GLObal Solar Wind Structure (GLOWS) photometer
[10] for NASA’s Interstellar Mapping and Acceleration
Probe (IMAP) space mission [11, 12] to measure the glow
from the interstellar hydrogen (Hz). The instrument
comprises a 122 nm narrowband filter (Teledyne Acton
Optics, Acton, USA) to select the desired wavelength
range. A highly absorbing Magic Black coating (Acktar,
Kiryat Gat, Israel) was also applied to the inside of the
instrument optical path to suppress reflections of stray light
from the outside of the desired field of view.

Metrology and testing of observation and measurement
systems components are crucial steps in the development
of space experiments in the VUV spectral range [13].
Commonly used VUV radiation sources for such metrology
include synchrotrons [ 14, 15], electron cyclotron resonance
plasma sources [16], deuterium lamps [17], discharge-based
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VUV sources [18], and laser-produced plasma (LPP)
sources [19]. Although LPP sources cannot match the
brightness and repeatability of synchrotrons, they remain
acheaper and more compact option for metrology.
Moreover, they provide higher intensity than conventional
discharge or deuterium lamps, which makes them a more
practical option for laboratory VUV measurements.

In the past, LPP based on a gas target was used to
characterise VUV radiation by performing spatial, spectral,
and temporal analyses in the 100-260 nm range with
different gases, such as Ar, He, Xe, and N> [20]. The same
group also characterised a source for a tunable single-
photon ionisation by measuring the plasma size and shape,
calibrating the absolute intensity, and analysing the xenon
emission spectrum in the 100-200 nm range [21].
Additionally, the spectral and temporal properties of the
VUV source were studied in the 150-300 nm range using
Ar, Kr, Ne, and He, confirming the potential of such
sources for spectrophotometry and in time-resolved
spectroscopy [22]. Detailed spectral studies of VUV
radiation in the wavelength range of 123—-164 nm using an
LPP source based on a solid target, supported by computer
simulations of the generated laser plasma, are presented in
[23]. A maximum VUYV radiation conversion efficiency of
3%/2m over this wavelength range was demonstrated.

In our work, we present for the first time a comprehen-
sive characterisation of a compact LPP VUV source based
on a double-stream gas-puff target, including its spectrum,
number of photons, and source size in the wavelength range
of 115-160 nm for targets produced from various gases,
including xenon (Xe), krypton (Kr), argon (Ar), carbon
dioxide (CO,), nitrogen (N), and hydrogen (H>),
hereinafter referred to by their chemical symbols. As an
application example, we demonstrate a broadband LPP
VUV source based on Xe for filter transmission
measurements, confirming its novelty and suitability for
characterising optical elements for space missions.

Although VUV sources have been studied by other
authors, our group provides several novel contributions.
High-resolution spectral characteristics, photon number in
arbitrarily selected spectral bands and lines, and spatial size
of the source for strong Kr and Xe lines are presented. Such
an LPP-based source is optimised for space-related
metrology.

2.  Experimental setup

A photograph of the VUV source with an attached VUV
spectrometer and the gas-puff target arrangement [panel (a)]
and schematic diagrams of the experimental setup
[panels (b) and (c)] are presented in Fig. 1. An Nd:YAG
(A=1064 nm) laser system (EKSPLA, Vilnius, Lithuania)
was used to generate laser plasma. Laser pulses with
an energy of approximately 6—7 J and a duration of 1-3 ns
were focused on a double-stream gas-puff target [24, 25]
using an =100 mm lens. The target was created with an
electromagnetic valve system equipped with two coaxial
nozzles. The working gas from which the plasma is
generated (Xe, Kr, Ar, N, CO,, H») is injected through the
inner nozzle with a diameter of 0.4 mm. While the low-Z
buffer gas (He), which confines the working gas and forms
an elongated gas jet, flows out through the outer nozzle
inthe form of a ring (dimensions of 0.7 x 1.5 mm?).

A diagram of the double gas-puff target is shown in
Fig. 1(a). For a proper operation, a laser-target synchro-
nisation is required [26]. The characterisation of the
opening and closing times of the valves is described in the
further part of the paper.

VUV radiation measurements were performed using
two variants of the experimental setups. A setup for
spectral measurements is presented in Fig. 1(b). The setup
consisted of a spectrometer (HP Spectroscopy GmbH,
easyLIGHT VUV, Germany) based on a concave flat-field
varied-linespace diffraction grating (1200 grooves/mm,
incidence angle of 51.9°) with an adjustable wavelength
range from 40 nm to 280 nm, a 100 um-wide entrance slit.
A CCD camera (Andor DO920P-BEN, Oxford Instruments,
USA) with a chip size of 1024 x 255 pixels, pixel size of
26 x 26 um?* was employed. The exposure time was 3 s.
The camera was cooled to —20 °C during all measurements
to minimise the impact of internal noise and background.
The wavelength axis of the spectrometer was calibrated
using carbon (C II at 117.493nm and C IV at
154.820 nm), N, (N V at 123.880 nm and 124.280 nm, and
N I at 149.263 nm), H, (Lyman-a at 121.567 nm), and
oxygen (O I at 130.217 nm) lines. To cut off the wavelengths
below 110 nm, a lithium fluoride (LiF) filter was used.
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Fig. 1. Panel (a) shows a photograph of the VUV source with
an attached VUV spectrometer and the gas-puff target
arrangement. The experimental setup used for character-
ising VUV radiation, presented in two variants for
measuring: (b) spectra and (c) photon numbers.
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To measure the number of photons, the setup [Fig. 1(c)]
was modified by replacing the spectrometer with a pinhole
of a diameter of 500 um. The pinhole was positioned 32 cm
downstream of the source. An AXUV 100 Si photodiode
(International Radiation Detectors, Inc., USA) was used,
biased to =30 V DC. To capture the pulses, an oscilloscope
(SDS2354X Plus, SIGLENT Technologies, China) was
employed. In this case, an additional filter (UV fused silica
— UVEFS) was needed to ensure that the number of photons
was measured only in the analysed range below 170 nm.
This filter, along with the LiF filter, was placed on a filter
wheel between the pinhole and the photodiode.
Additionally, the beam was directed through a black
shielding sleeve to eliminate any effects of spurious
reflections or stray radiation.

Since the source size needs to be measured in a well-
defined spectral range, a spectrometer is required, as shown
in Fig. 2. These measurements involved determining the
horizontal and vertical sizes. Both setups were equipped
with the horizontal slit (width d =80 pm) and the LiF filter.
The magnification in the first setup [Fig. 2(a)] was equal to
4. In the second setup [Fig. 2(b)], the beam was rotated with
the use of two reflective silicon mirrors allowing for
observation of the source size along the other axis (in an
orthogonal direction). In this setup, the magnification was
equal to 2.7. The beam orientation after the horizontal slit
in both measurements is shown in Fig. 3.

entrance
window

Nd:YAG laser beam
@  vuv

spectrometer
entrance slit

focusing
lens

P~10 mbar

horizontal slit
4

:+

laser
plasma

P~102 mbar|

Si mirrors

3D visualisation/

Vuv

. . spectrometer
beam orientation after

horizontal slit in
a) b)

Fig. 2. Experimental setup used for the measurements of the
source size: (a) vertically and (b) horizontally by
rotating the beam with the use of two Si mirrors.
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IN ou ‘
A i t [us]
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Fig. 3. Visual representation of nozzles opening and closing
times.

3. Experimental results
3.1. Optimisation of gas-puff target synchronisation

Before starting the source characterisation measurements,
it was necessary to optimise the synchronisation of the gas-
puff target with the laser pulse. For this purpose, four
parameters were considered: parameter “A” represents the
time between receiving the synchronisation pulse from the
laser power supply and opening of the inner nozzle (IN),
which remains open for the time defined by parameter “B”.
Parameter “C” denotes the time between receiving the
synchronisation pulse and opening the outer nozzle (OU),
with the nozzle remaining open for the time specified by
the parameter “D”. Visual representation is shown in
Fig. 3.

Measurements were taken of the dependence of VUV
emission for selected gases as a function of the opening and
closing times of gas nozzles relative to the laser pulse.
Example results for Ar are shown in Fig. 4. The measure-
ments showed the highest intensity for parameter values
A =200 pus, B=750 us, C=400 ps, and D=550 ps. The
delay between the synchronisation pulse and the laser pulse
was always equal to 1 ms. The presented results were
obtained by integrating 255 consecutive CCD lines (rows)
from five images, each containing data accumulated from
five VUV source pulses.
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Fig. 4. Results of measurements of the opening and closing times
of the nozzles and their influence on the signal intensity.
The characterisation was conducted for Ar. All A, B, C,
and D values are in [ps] (see text for more details).
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3.2. Optimisation of the gas-puff target in terms of the
working gas pressure

With the target timings optimised for the highest spectral
emission, the influence of gas pressure on the plasma
emission intensity was also investigated. The spectra of
these gases were studied to determine how changing the gas
pressure affects intensity and identify the pressure at which
the intensity is the highest. Furthermore, the pressure of the
buffer gas, helium, was examined to identify its influence
on the spectra. The results showed that the optimal helium
pressure is 6 bar. For H», a single-stream gas-puff target
was used, as H, being a light gas, naturally plays
a stabilising role similar to that of helium for heavier gases.

Example results of the VUV spectral measurements for
the selected working gases (CO», N, and H,) and for
different backing pressures are shown in Fig. 5. Several
strong spectral lines were selected for intensity comparison.
The spectra are shown in blue in panels (a), (¢), and (e), and
the corresponding plots in panels (b), (d), and (f)
illustrating the influence of changing gas pressure on the
peak intensity of the selected lines. The standard deviation
of the peak intensity was estimated as 1.5-2%. This
correlation was analysed for each gas, but only those with
well-defined spectral lines are presented. One of the most
noticeable trends is the quasi-linear increase in intensity
with increasing working gas pressure. It can be expected
that the intensity will stabilise at a certain pressure [27].
Therefore, further analysis was conducted for maximum
working gas pressures, typically 810 bar, depending on
the gas used.

The data acquisition process in this section was similar
to that used in the target synchronisation optimisation study
presented above.

3.3. Spectral measurements

For optimal gas pressures and optimised target timing,
spectra for different gases — Xe, CO», Kr, N», Ar, and H, —
were measured, as presented in Fig. 6. For heavier (higher Z)
gases, such as Xe, Kr, and Ar, the spectra were very bright
due to the numerous spectral lines resulting from multiple
electronic transitions (transition arrays). Those denote
groups of spectral lines produced by many closely spaced
electronic transitions in atoms.

For lower-Z and molecular gases, such as COz, N2, and
H-, individual spectral lines were easier to distinguish. It is
worth noting that the Lyman-a line is visible and very
strong for H». The spectra presented here were acquired in
the same way as described for the previous results. All the
spectra presented in this paper are corrected for the LiF
filter transmission.

3.4. Photon number

The next part of the measurements focused on determining
the VUV signal intensity by calculating the photon number.
LiF and UVFS filters were used to narrow the wavelengths
to the desirable range below 170 nm. The filter transmis-
sions are presented in Fig. 7.

To specify the photon number in the entire wavelength
range measured, equation (1) was used. The number of
photons was calculated as the difference between the inte-
grals of the oscilloscope voltage traces obtained with the LiF
(ULir, in volts) and UVFS (Uuvss, in volts) filters, divided by
the oscilloscope input impedance R, the quantum efficiency
of the photodiode QF, and the elementary charge g.:

_ J. ULith - J. UUVFS dt

h = 1
p R-OE-q, (1
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Fig. 5. Comparison of the intensity in the selected spectral lines for (a) COz, (c) N2, and (e) H.. Corresponding peak
intensities as a function of gas pressure are shown in panels (b), (d), and (f). The standard deviation of the peak

intensity was estimated as 1.5-2%.
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Fig. 6. Spectra of the analysed gases in the 105-160 nm
wavelength range: Xe, Kr, Ar, CO2, N2, and H2. The
selected lines were identified using the NIST Database
[28].

To properly scale the photon signal [see (2)] in the
spectral domain, the obtained number of photons was
multiplied by the function ¢(4). This function is a VUV
spectrum (see section 3.3), with the area under the curve
normalised to unity. The QE(A) value varied for the
respective wavelengths according to the manufacturer’s
data [31]:

I ULiF dt— I UUVFS dt

Ph(2) = c(4)- R-OEU) -4

2

The results for the arbitrarily chosen spectral bands/lines,
as indicated in Fig. 8, for various working gases are shown
in Table 1. The H, data were not included due to the very

100 \
S 80/
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Fig. 7. The filter transmission LiF and UVFS. Data based on

[29, 30].
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Fig. 8. Visualisation of the arbitrarily selected wavelength
ranges and spectral lines/bands employed to calculate
the number of photons.

low signal, which was undetectable by the photodiode
used. The number of photons captured by the photodiode
and shown in Table 1 is averaged from 16 VUV source
pulses. The uncertainty values represent the standard
deviation derived from the oscilloscope. The errors exceed
30%. They are caused by shot-to-shot fluctuation of the
VUV source energy.
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Table 1.
The number of photons for selected spectral lines and bands.

Band number Used gas Number of photons per pulse*
1 Xe 1.97+0.73 -10%
2 Xe 2.08+0.77 -108
3 CO2 7.61+£2.33 - 10°
4 CO2 1.83+0.56 - 107
5 Kr 2.55+0.91 - 107
6 Kr 1.51+0.54 - 108
7 N2 7.57+£2.32 -10°
8 N2 3.32+1.02 - 10°
9 Ar 2.91+0.99 - 10°
10 Ar 8.85+2.99 - 10°

*per laser pulse (E=6.9-7.1 J, t=2.0-2.6 ns)
3.5. Source size

The final series of measurements were conducted to deter-
mine the size of the plasma source — in two orthogonal
directions. To define the vertical and horizontal dimensions,
several spectral lines were selected, and their intensity
profiles were plotted as a function of size. The full width at
half maximum (FWHM) was then determined to charac-
terise the spatial distribution.
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Fig. 9. Comparison of the horizontal and vertical sizes of plasma
source for the spectral lines: Xe III (a) 141.247 nm and
(b) 149.545 nm line, and Kr IV (c) 131.854 nm, and (d)
149.018 nm.

Figure 9 presents the results for two gases: Xe and Kr.
The use of a second horizontal slit significantly reduced the
signal intensity of the other lower-Z gases, making their
measurement unreliable. The following spectral lines were
selected for source characterisation:

Xe III transitions:

e 127.282 nm (5s5p° — 5s*5p*(*P°)6D),
e 141.247 nm (5s*5p*(*D°)5d — 5s25p*(*D°)4f),
e 149.545 nm (5s25p*(*S°)5d — 5s25p*(*D°)4f).
and Kr IV:
e 131.854 nm (4s*4p*(°P)4d — 4s?4p*('D)5p),
e 149.018 nm (4s?4p*(°*P)4d — 4s?4p*('S)5p).
The corresponding values are shown in Table 2. The

detector-limited uncertainty values were estimated to be
+10 um, due to a discrete nature of the measurement with

a 26 um pixel detector,
magnification, as follows:
pixel size
( M " 27o0r4
However, the experimental uncertainty values are larger.

taking into account the

26 um

=9.60r 6.5 um).

Table 2.
The FWHM plasma size for Xe and Kr, H — horizontal,
V — vertical.
FWHM [mm]

Gas  Wavelength H \%

Xe 127282 nm  0.61+£0.03  0.75+0.01
141247 nm  0.58+£0.01  0.85+0.01
149.545nm  0.55+0.02  0.81+0.01

Kr 131.854nm  0.66+0.09  0.80+0.01
149.018 nm  0.64+0.04  0.84+0.02

The measured data, shown in Fig. 9, indicate that the
plasma source was consistently larger in the vertical
direction than in the horizontal direction. The oscillations
observed in the vertical measurements are artifacts caused
by the varying profile of the horizontal slit (see Fig. 3). To
improve data quality, a median filter and a moving mean
were applied for smoothing, however, with careful
consideration to avoid affecting FWHM. The intensity
profiles were normalised. The standard deviation was
calculated from a series of ten images captured for each
measurement, with each image representing an accu-
mulation of data from ten pulses of the VUV source. The
vertical data appear clipped due to limitations of the CCD
sensor.

4. Example of application of a broadband Xe/He
VYUYV source for filter transmission
characterisation

The VUV source was employed in a series of
measurements of the VUV neutral density filters, which
were later used to calibrate the IMAP/GLOWS photometer
described in the introduction section. The filters were
coated with a UV-grade MgF, coating (Teledyne Acton
Optics, USA).

The setup consisted of a laser plasma source based on
Xe/He gas-puff target (with the gas pressures of 9 bar for
Xe and 6 bar for He). A LiF filter and the spectrometer
were employed, operating in two overlapping spectral
ranges (105-160 and 130-190 nm wavelengths).
Measurements were performed separately for each of these
two ranges. To obtain transmission data, two sets of
measurements were required for each filter — one with the
neutral density filter and one without it. For each filter, five
spectra were collected, each representing the accumulation
of data from a series of 20 VUV source pulses. These five
spectra were then integrated during data processing.
Subsequently, the data collected with and without the filter
were divided to determine the transmission value as
a function of wavelength.

Data were collected for filters with expected peak
transmission of no less than 10% (FND1-1D-V — referred
to as “GF”) and no less than 1% (FND2-1D-V — referred to
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as “ND”). The results shown in Fig. 10 present matched
data from two spectrometer settings (105-160 nm — green
line, and 130—190 nm — purple line). Transmission exhibits
apeak around 120-130 nm, followed by a gradual decrease
and stabilisation at longer wavelengths. These results are
consistent with the manufacturer’s coating curves [33] and
with the characteristics of a neutral density filter.
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Fig. 10. Transmission measurement results for the VUV
neutral density filter with a maximal peak
transmission of (a) 10% — GF filter and (b) 1% — ND
filter [32].

5. Discussion

Optimisation of the experimental setup maximised signal
intensity. Spectral measurements of Xe, Kr, Ar, CO,, N»,
and H» revealed distinct emission profiles suitable for
various applications. This indicates that heavier gases can
be used for experiments requiring a broader, richer spectral
emission, i.e., filter transmission characterisation. The
lighter gases are needed for measurements demanding
a more monochromatic radiation. The analysis presented
was performed with spectral resolution of A/AA~600,
specified for H, line at 121.6 nm. This indicates that the
spectral “miscalibration” is of the order of AA/A~0.16%.
In general, the number of photons in a band is greater
than in a single line, but for monochromatic applications,
information on the number of photons in a line can also be
vital (e.g., in microscopy systems based on diffractive
optics). Generally speaking, high-Z gases, i.e., Xe and Kr
produce broadband emission, which can be used in
metrology and characterisation of materials, while low-Z
gases, such as CO; and N, produce more monochromatic
radiation from narrow spectral line emissions, see Table 1.
Characterisation of the source size revealed consistent
anisotropy between the vertical and horizontal dimensions.
In the investigated spectral region, the source exhibited a
larger vertical than horizontal extent, whereas in the
extreme ultraviolet (EUV, A=10-121) [1] region, the
opposite trend was observed, with the source appearing
broader horizontally, i.e., 0.75%0.38 mm? (FWHM) [34].

This difference indicates a wavelength-dependent shift in
the spatial emission profile. The gas-puff target consists of
a central stream of the working gas surrounded by a helium
flow. One part of the radiation originates from the central
region of the plasma focus and refers to the short
wavelength range. In contrast, the less energetic radiation
is mostly produced in the surrounding plasma region,
associated with photoionization processes. Since gas flow
is elongated vertically, as discussed in [25], the VUV
source size is larger in the vertical direction and limited by
the width of the gas stream. This geometrical effect leads
to the observed anisotropy, which differs from that
observed in EUV/SXR.

The uncertainty estimation presented in this paper is
mostly influenced by a shot-to-shot fluctuation of the VUV
source energy, of the order of approx. 30% (Table 1),
related to the mechanical repeatability of the gas-puff
valves, as well as the laser pulse stability [both energetic
(~1%) and temporal (~9%)], as mentioned in Table 2.

Experimental results demonstrate a significant
enhancement to the work of Di Palma and Borghese [20],
resulting in higher spectral (~0.2 nm vs. 3 nm) and spatial
resolutions (~10-20 um vs. ~100-200 pm).

6. Conclusions

In summary, the laser-plasma VUV source was character-
ised by determining its spatial, spectral, and energy
properties. The presented example of space-filter
transmission measurements demonstrated the potential of
the proposed compact, cost-effective VUV source for
metrology applications, including space-related applications,
such as the GLOWS photometer [35]. In future work, the
use of setup can be extended to characterise additional
gases and evaluate various optical coatings and filters
relevant to space instruments and missions. The use of
more sensitive VUV detectors will enable more accurate
photon-number determination, especially for low-Z gases
that emit VUV radiation in narrow spectral lines. These
improvements may expand the applicability of the
described source in future space-related calibration tasks.
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