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Radial distribution of emitting centers in Ar laser plasma
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In this work the images of an argon spark in the extreme ultraviolet (EUV) range obtained using an EUV

microscope with an operating wavelength of 11.25 nm were studied. The gas target formed by the gas jet flowing

into a vacuum chamber from a conical supersonic nozzle at a gas pressure of 3−10 bar at the nozzle inlet. An

Nd:YAG- laser (λ = 1064 nm, τimp = 4.2 ns) with a pulse energy of 0.4−0.8 J was used for excitation. Image

processing was carried out using the inverse Abel transform method due to the presence of axial symmetry of the

spark relative to the laser beam axis. As a result of the work, radial distributions of radiating centers in an argon

spark at a wavelength of 11.25 nm were obtained for various excitation parameters.
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Introduction

Sources of soft X-ray (SX) and extreme ultraviolet (EUV)
radiation are now increasingly being used for various

applications such as X-ray microscopy, reflectometry, or

lithography. The greatest attention is paid to laser-plasma

sources (LPS) among the sources of EUV radiation. Various

gases [1,2] and liquids [3], as well as solid-state targets [4–6],
can be used as targets for producing laser plasma in LPS.

A xenon-based gas jet target is one of the promising

radiation sources for EUV lithography at a wavelength of

11.25 nm [7]. Xenon laser plasma emits in a wide high-

intensity emission band in the vicinity of 11 nm [8,9], and
modern multilayer X-ray mirrors (MXM) based on the

multilayer Mo/Be system make it possible to effectively use

the radiation of this band in various X-ray optical devices,

such as the X-ray lithograph [7,10].

In addition to high radiation intensity, a requirement for

the source size is also imposed on EUV radiation sources

for lithographic applications. The characteristic size of the

source should be on the order of 500m, which corresponds

to the size of the spark area from where the radiation is

captured by the collector. Thus, for successful integration

of the radiation source and the X-ray optical system, it is

necessary to know the size of the spark and the distribution

of radiation centers in it.

In addition to practical applications, the study of spark

structure in gas-jet LPS is also of interest from a fundamen-

tal point of view. Despite the fact that laser plasma has

been studied for quite a long time, the processes occurring

in a laser spark are still insufficiently studied. Most of the

papers related to the study of LPS are aimed at studying

the emission spectra [11,12] and increasing the conversion

coefficient of laser radiation to short-wavelength [9]. The

study of the distribution of radiating centers in laser sparks

has received significantly less attention in the literature. Of

particular interest are studies of images of laser sparks and

the distribution of radiating centers in laser sparks detected

in the EUV spectral range.

In this work, the radial distribution of the EUV radiation

centers of a laser plasma formed when an argon-based gas

jet target is excited by pulsed Nd:YAG-laser radiation was

studied. Argon is a convenient model object for studying the

distribution of centers emitting in the EUV spectral range in

a laser spark. The convenience of argon consists in the low

absorption of radiation at a wavelength of 11.25 nm in the

argon plasma itself, which makes it quite easy to process

the resulting images of a laser spark.

The images of the laser spark were obtained using

a quintuple-magnification EUV microscope based on a

Schwarzschild lens. Ar VII ions mainly emit at the operating

wavelength of the microscope of 11.25 nm in an argon

laser plasma in case of excitation by Nd:YAG-laser with

a pulse duration of ∼ 4.2 ns and an energy of ∼ 0.8 J.

The inverse Abel transform method was used to determine

the radial distribution of the radiating centers in the spark

region [13,14]. The possibility of using this method is

attributable to the axial symmetry of the laser spark relative

to the axis of the laser beam.

1. Experimental technique

The experiment consisted in obtaining images of a laser

spark at a wavelength of 11.25 nm, formed when an

argon gas jet target is excited by pulsed neodymium laser

radiation. The scheme of the experimental setup is shown

in Fig. 1. The axes x , y and z are located perpendicular to

each other.
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The experiment was as follows: the impulse gas-jet target

was formed with the gas leaving the conic ultrasound

nozzle 1 into the vacuum chamber 2. The optical path of

the laser radiation to the target consists of a dividing plate 5,

which deflects a small part of the radiation into the IMO-2 6

power detector, and a prism 7, which directs the radiation

into the entrance window 8 of the vacuum chamber 2. The

radiation of a pulsed Nd:YAG-laser 4 was focused on a

gas-jet target with a lens 3 with a focal length of 45mm.

In a focusing point, the laser-induced breakdown results in

generation of highly-ionized plasma 9. The experimental

setup is described in more detail in Ref. [15].
The laser spark images were obtained by directing

plasma radiation into an inlet of the double-mirror X-ray

microscope 10 with fivefold magnification (Fig. 1), which

was assembled in the Schwarzschild scheme. Laser plasma

radiation in the EUV spectral range was detected using two

free-hanging filters based on Zr/SiZr 11 and 12 located at

the inlet and exit of the microscope. The multilayer X-ray

mirrors it 13 and it 14 used in the microscope, located on

the lens surface, are based on Mo/Be structures reflecting

radiation at a wavelength of 11.25 nm with a peak reflection

coefficient of ∼ 67%. The spectral dependences of the

reflection coefficients of the mirrors 13 and 14 are shown

in Fig. 2. The microscope-built image is projected to a

receiving matrix detector 15 GSENSE 2020 BSI, which uses

the CMOS technology. More details on the design and the

characteristics of the microscope are given in Ref. [16].
Nd:YAG-laser with a wavelength of λ = 1064 nm, pulse

duration and energy of τ = 4.2 ns and E = 0.4−0.8 J,

respectively, was used during the experiment. The pulse

repetition frequency was 2Hz. The optical system focused

the laser radiation into a spot with a diameter of ∼ 60 µm.

The power density of the laser radiation in the focus area

was ∼ 6 · 1012 W/cm2. A supersonic conical nozzle with a

critical cross section of dcr = 500 µm, length of l = 5mm

and a half-angle of the opening α/2 = 4.5◦ was used to

supply gas. The gas pressure at the nozzle inlet ranged
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Figure 1. Experimental setup diagram: 1 — supersonic

conical nozzle, 2 — vacuum chamber, 3 — focusing lens, 4 —
Nd:YAG-laser, 5 — dividing plate, 6 — IMO-2 power detector,

7 — prism, 8 — introductory window, 9 — laser spark, 10 — X-

ray microscope, 11, 12 — Zr/SiZr-film filters, 13 — convex MXM,

14 — concave MXM, 15 — matrix CMOS detector.
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Figure 2. Spectral dependences of reflection coefficients of

mirrors M1 and M2.

from 3 to 10 bar, and the temperature was 300K. The

pressure in the vacuum chamber was maintained at the level

of 10−2 Pa. The laser spark was located at a distance of

0.5mm from the nozzle tip.

A signal from several laser pulses was accumulated to

obtain an image of argon sparks emitting weakly at a

wavelength of 11.25 nm.

2. Experiment and results obtained

The images of argon laser sparks at a wavelength of

11.25 nm obtained using an EUV microscope are shown

in Fig. 3. The laser beam in the images is directed

from above. The nozzle edge and the laser axis are

shown schematically in the photographs. Images of sparks

are shown at the following parameters of the laser pulse

and gas pressure: Eimp = 0.4 J, pgas = 8 bar; Eimp = 0.8 J,

pgas = 8 bar; Eimp = 0.8 J, pgas = 4 bar.

It can be seen that all the sparks have a shape elongated

along the laser beam. The length of the argon spark is

∼ 800 µm for different excitation parameters. The diameter

and intensity of the spark emission are not the same for

different parameters of the gas jet and the laser pulse. A

laser spark of the smallest diameter ∼ 180µm is observed

at a laser pulse energy of 0.4 J and an argon pressure of

8 bar. A laser spark with the largest diameter ∼ 250 µm

is observed at a laser pulse energy of 0.8 J and an argon

pressure of 4 bar.

In total, during a series of experiments, images of an

argon laser spark were obtained at an energy of exciting

laser radiation in the range from 0.4 to 0.8 J at a gas pressure

at the nozzle inlet of 8 bar and at a gas pressure at the nozzle

inlet in the range from 3 to 10 bar at a laser pulse energy

0.8 J.
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Figure 3. Images of argon laser sparks obtained using an EUV microscope at a wavelength of 11.25 nm: a — Eimp = 0.4 J, pgas = 8 bar;

b — Eimp = 0.8 J, pgas = 8 bar; c — Eimp = 0.8 J, pgas = 4 bar.

3. Experimental data processing
methodology

For a laser spark, there is an axial symmetry relative to the

axis of the laser beam. In such cases, the spatial distribution

of the radiation centers in the spark is a function of only

two coordinates in the cylindrical system I = I(r, z ). Let

P(x , z ) be a two-dimensional projection of I(r, z ) onto the

detector plane (x , z ), where the axis x is perpendicular to

the axis z . These two functions are linked by a direct Abel

integral:

P(x , z ) = 2

∞∫

|x |

rI(r, z )
√

r2 − x2
dr.

The images of the laser spark obtained in the experi-

ment are a flat projection of the spark radiation P(x , z )
on a two-dimensional grid of 2048 × 2048 pixels, where

1 pixel = 1.3m. Then the radial distribution of the radiating

centers I(r, z ) can be obtained by calculating the inverse

Abel transform:

I(r, z ) = −
1

π

∞∫

r

[dP(x , z )dx ]
√

x2 − r2
dx .

This method works in conditions where self-absorption

of EUV radiation in plasma can be neglected. The

experimentally obtained data require preliminary smoothing

to the extent that noise of various nature is suppressed, but

the fundamental physical picture is preserved.

The Abel transform was performed using the ready-made

Idea program and code written using the PyAbel library

of functions in Python. Despite the fact that Idea is a

ready-made, proven solution, the main disadvantage of the

program is the ability to work only with two-dimensional

data arrays. Thus, using the Idea program, it is possible to

study only sections of a spark in a cross-section, represented

as a dependence of intensity on a coordinate along the

axis x with a fixed coordinate along the axis z . Unlike

the Idea program, the PyAbel library of functions in Python

can work with three-dimensional data arrays, i.e. with the

entire image as a whole, defined as a matrix of intensity

values with coordinates along the axes x and z .
The following image processing procedure was per-

formed to use the inverse Abel transform on experimentally

obtained images of an argon laser spark. The position of

the axis of symmetry of the spark was determined and the

image of the spark was rotated so that the axis of symmetry

was vertical. Next, the image, represented by a matrix of

intensity values in each pixel, was row-by-row averaged over

the right and left halves of the image relative to the axis of

symmetry. This is necessary to reduce the error of the

experimental data and achieve their complete symmetry.

Further, a one-dimensional Gaussian filter was applied to

the dependence of the radiation intensity for each spark
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Figure 4. Image of a spark (a) and radial distribution of radiating centers (b) in argon sparks at a gas pressure of 5 bar and a laser pulse

energy of 0.8 J.

section in order to smooth out the high-frequency noise

of the radiation receiver. The standard deviation for the

Gaussian kernel was 6−7, depending on the intensity of the

image. Then the inverse Abel transform is applied to each

spark cross-section (to each radiation dependence in a given

section). The resulting transformation matrix for half of the

image is mirrored and combined with the first half. This

results in a distribution of radiating centers for the complete

image of the laser spark. For received images, the coordinate

values are recalculated from pixels to micrometers.

In this paper, we used the Abel transform algorithm

”
Direct“ from the PyAbel library of functions in Python.

This method makes no assumptions about the source data,

except for cylindrical symmetry, and is a direct numerical

integration of the inverse Abel transform function. This

method is described in more detail in Ref. [17]. The

result of the
”
Direct“ conversion was compared with the

results obtained by other methods from the PyAbel library

of functions in Python. When using other methods, the

result of the inverse Abel transform coincided with the

chosen
”
Direct“conversion method. Also, the conversion

result obtained for one spark section in the Idea program

was qualitatively the same as the result of the conversion

of the same section using the
”
Direct“ method. We

confirmed the reversibility of the transformation in the case

under study by performing a direct Abel transform for the

inversely transformed image and comparing the result with

the original data.

In practice, when performing the reverse Abel transform

to restore the concentration of emitting centers in a laser

spark in the EUV range and, in particular, at a wavelength

of 11.25 nm, it is necessary to take into account the self-

absorption of EUV radiation in plasma, since self-absorption

can significantly affect the results obtained. There are

no intense emission lines in the argon spectrum near the

studied wavelength of 11.2 nm, so it can be stated with great

confidence that self-absorption in plasma at this wavelength

is low, and the observed pattern is determined by the

redistribution of radiating centers.

4. Discussion of the results

As a result of the experiment, images of laser sparks at

a wavelength of 11.25 nm were obtained, formed when an

argon target was excited, and they were processed using

the reverse Abel transform. Fig. 4 shows an image of an

argon laser spark at a wavelength of 11.25 nm (Fig. 4, a)
and the radial distribution of radiating centers in an argon

spark (Fig. 4, b) obtained using the Abel transform, at a gas

pressure at the nozzle inlet of 5 bar and a laser pulse energy

Technical Physics, 2025, Vol. 70, No. 9
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Figure 5. Distribution of radiating centers in the argon spark

section, reconstructed from the results of the inverse Abel

transform.

of 0.8 J. The upper and lateral graphs of each figure show

the transverse and longitudinal profiles of the spark section,

respectively. The sections correspond to the lines shown

in the image. The coordinates are given in micrometers,

the radiation intensity (Fig. 4, a) and the concentration of

radiating centers (Fig. 4, b) are given in relative units. The

laser radiation in the images is directed from top to bottom.

The spark image is elongated, with a width-to-length

ratio of about 1 to 3. The cross-sectional distribution of

the radiation intensity in the detector plane has the shape

of a plateau. After the Abel transform, it becomes clear

that the intensity distribution in the shape of a single wide

peak is formed due to two peaks in the cross-section of the

spatial distribution of the concentration of radiating centers.

The shape of the spark cross-section, reconstructed from the

distribution of the radiating centers, is shown in Fig. 5. The

shape of the distribution of radiating centers at a wavelength

of 11.25 nm in an argon laser spark in space is close to the

shape of a tube. The cross section of the distribution of

radiating radiation centers is close to the shape of the ring.

The diameter of the central region with a reduced

concentration of radiating centers is ∼ 60µm in width at

half height, which is close to the diameter of the laser beam

at the point of focus. The decrease in the concentration

of radiating centers in this region is ∼ 20%. Most of

the radiation centers at a wavelength of 11.25 nm in argon

sparks are shifted closer to the edge of the spark. Physically,

this pattern corresponds to a redistribution of the radiating

centers and, consequently, a shift in gas concentration from

the axial part of the spark to its edges, probably due to the

formation of a shock wave.

The image of a laser spark that we observe is a time-

integral picture, since the laser spark significantly changes

its shape during registration. Initially, we observe a radiating

cylinder, then an expanding cavity forms along the axis

of the expanding radiating cylinder, which probably corre-

sponds to the formation of a cylindrical shock wave. The

superposition of all the described images forms the observed

image and the distribution of radiating centers. Thus, the

presence of features corresponding to the propagation of

the shock wave, even on the time-integral distribution of

the radiating centers, indicates the possible influence of the

shock wave on the distribution of the radiating centers.

Fig. 6 shows the time-averaged radial distributions of the

radiating centers at argon inlet pressures in the range of

3−10 bar. The laser beam falls from above. The energy

of the laser pulse is 0.8 J. The color ranges correspond to

the areas 0%−5%, 5%−50%, 50%−85%, 85%−95%

and higher than 95% from the maximum concentration of

radiating centers. The coordinates are given in micrometers,

the concentrations of the radiation centers are in relative

units.

It can be seen that all the sparks are elongated. As the

pressure increases from 3 to 10 bar, the width-to-length

ratio decreases from 1 to 2.5 to 1 to 4 by increasing the

spark length. The radial distribution of radiating centers

with a reduced concentration in the center is preserved

for all argon pressures. The maximum concentration of

radiating centers shifts upward towards the laser beam with

increasing pressure, while the spark volume increases with

the maximum concentration of radiating centers. Thus, the

extension of the tube from radiating centers towards the

laser beam is observed.

Fig. 7 shows the transverse profiles of the radial

distribution of the radiating spark centers at argon inlet

pressures in the range of 3−10 bar. The energy of the

laser pulse is 0.8 J. The sections were drawn through the

central spark region with the maximum concentration of

radiation centers for each pressure. The concentrations

of the radiating centers are given in relative units, the

coordinate of the transverse axis is given in micrometers.

It can be seen from Fig. 7, a that the number of radiation

centers increases significantly with increasing pressure.

When the pressure is doubled (from 5 to 10 bar), their

concentration increases by 2.2 times. At the same time,

it can be seen from the normalized graphs in Fig. 7, b

that the width of the spark at half height does not change

significantly with increasing pressure from 3 to 10 bar and

is ∼ 250 µm. The distance between the peaks changes

little in the first approximation (a narrowing of the order

of 25%). The diameter of the central region with a reduced

concentration of radiating centers varies from 90 to 60µm

in width at half height with an increase in pressure from 3

to 10 bar.

The observed pattern can be explained as follows. The

elongated shape of the calf is caused by the movement of

the
”
laser detonation wave“ [18,19]. The gas heated to

high temperatures in the breakdown region expands rapidly,

forming a shock wave [9,13], moving both along the axis

of the laser beam and perpendicular to it. The shift of the

concentration of radiating centers from the center of the

spark corresponds to the propagation of the shock wave in

the direction perpendicular to the axis of the laser beam.
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Figure 6. Radial distributions of radiating centers at argon pressures at inlet to nozzle 3 (a), 5 (b), 8 (c) and 10 (d) bar.
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The absorption of laser radiation by the target is pro-

portional to the density of the target. As the gas density

increases, the intensity of the spark radiation generally

increases due to an increase in the number of emitting

particles. At the same time, at different target densities, the

amount of energy absorbed in the gas per the number of

absorbing particles is approximately preserved, and thus the

spark width and the distance between the peaks also change

little. And the concentration of radiation centers increases

due to the absorption of a greater proportion of the energy

of the laser pulse.

Fig. 8 shows the radial distributions of argon emitting

centers at an exciting laser pulse energy of 0.4−0.6 J and a

gas pressure of 8 bar. The laser beam falls from above. The

color ranges correspond to the areas 0%−5%, 5%−50%,

50%−85%, 85%−95% and above 95% of the maximum

concentration of radiating centers. The coordinates are given

in micrometers, the concentrations of the radiating centers

are given in relative units.

It can be seen that all the sparks are elongated. As

the energy increases, the width-to-length ratio (FWHM)
changes from 1/5 at E = 0.4 and 0.6 J to 1/3.5 at E = 0.8 J.

The radial distribution of the radiating centers in the

shape of a tube is preserved for all laser pulse en-

ergies. The maximum concentration of radiating cen-

ters remains in a position slightly above the geometric

center of the spark, while the volume of the spark

with the maximum concentration of radiating centers

is stretched towards the laser beam with increasing

energy.
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Figure 8. Radial distributions of radiating centers in argon spark at laser pulse energies of 0.4 (a), 0.6 (b) and 0.8 J (c).
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Fig. 9 shows the transverse profiles of the radial

distribution of the radiating centers of an argon spark when

excited by laser pulses with energies from 0.4 to 0.8 J. The

gas pressure at the nozzle inlet is 8 bar. The cross sections

were drawn through the central region of the spark with the

maximum concentration of radiation centers for each energy

value. The concentration of radiating centers is given in

relative units, the coordinate of the transverse axis is — in

micrometers.

It can be seen from Fig. 8, a that as the excitation energy

increases, both the concentration of radiation centers and the

spark width increase. When the energy is doubled (from 0.4

to 0.8 J), the concentration increases by 1.5 times. The spark

width at energies of 0.4, 0.6, and 0.8 J is 180, 190, and

250 µm, respectively. The distance between the peaks also

changes little (a broadening of the order of 25%). The

diameter of the central region with a reduced concentration

of radiating centers does not change with increasing laser

pulse energy and is ∼ 60 µm.

As the energy of the laser pulse increases, the diameter

of the spark and the mass of the entrained gas increase.

An increase in the number of emitting particles and a
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corresponding increase in their concentration is observed.

At the same time, the ratio of energy to the number of

absorbing particles E/n is not preserved. The amount

of energy per the number of atoms in the spark volume

increases, which probably forms a detonation wave of

greater intensity and temperature, which corresponds to an

increase in the spark diameter.

Conclusions

The inverse Abel transform was used to process images of

an argon laser spark at a wavelength of 11.25 nm. Thus, the

radial distribution of radiating centers in an argon spark was

obtained under various excitation conditions. The following

conclusions can be drawn based on the results of the work

carried out:

1. An argon laser spark has a shape elongated along

the axis of the laser beam with the studied excitation

parameters — pressure from 3 to 10 bar, and the laser

pulse energy from 0.4 to 0.8 J. The distribution of radiating

centers in the argon spark has the shape of a tube, which is

probably due to the movement of the shock wave from the

breakdown region. The shape of the tube for the radiation

centers in the argon spark is preserved for all the studied

excitation parameters.

2. As the jet density increases due to changes in gas pres-

sure, the absorption of laser radiation increases in proportion

to the number of absorbing particles. The diameter of the

spark remains constant, and the concentration of radiating

centers increases due to an increase in their number.

3. As the energy of the laser pulse increases, the energy

input in the absorption zone of the laser radiation increases,

which leads to an increase in the diameter of the spark and

an increase in the volume of gas involved in the process.
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