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Abstract
In this study, a discharge-produced plasma was utilized as the gain medium, and a silicon carbide (SiC)
mirror was employed to achieve simultaneous double-pass amplification of Ne-like Ar lasers at 69.8 nm
and 72.6 nm. Notably, the double-pass amplification of the 72.6 nm Ne-like Ar laser is reported for the
first time in this work. We experimentally investigate the dependence of the spatial intensity distribution
of the double-pass amplified 69.8 nm and 72.6 nm lasers on the initial gas pressure. As the gas pressure
increases from 14 Pa to 18 Pa, the intensity profile of the double-pass amplified laser evolves from a
central-intensity-dominated distribution to an edge-enhanced annular distribution. For the double-pass
amplified 69.8 nm laser, the divergence angle increases from 2.1 mrad to a peak-to-peak value of 3.5
mrad. Correspondingly, the divergence angle of the double-pass amplified 72.6 nm laser increases from
1.7 mrad to a peak-to-peak divergence angle of 3.4 mrad.

1. Introduction
Extreme-ultraviolet (EUV) lasers can be generated through energy-level transitions of highly charged
ions. Consequently, their gain media consist of high-temperature, high-density plasmas produced by
high-energy lasers or high-current discharges. Due to the fact that the bombardment of plasma can
easily damage the EUV mirrors, this type of laser generally operates in a single-pass amplification mode.
Positioning a reflecting mirror at one end of the plasma to achieve double-pass laser amplification
facilitates efficient extraction of the stored energy from the gain medium and yields higher-energy laser
output [1]. In EUV laser experiments utilizing high-energy laser-produced plasma as the gain medium,
multiple research groups have realized double-pass amplification of EUV lasers with Mo/Si multilayer
mirrors [1–4]. A single bombardment from the plasma is sufficient to damage the multilayer mirror,
which renders it challenging to quantify the influence of experimental parameters on double-pass
amplified lasers. In experimental investigations of EUV lasers utilizing high-current discharge-produced
plasmas as gain media, a research group in the United States realized double-pass amplification of the
46.9 nm Ne-like Ar laser with a planar iridium mirror, and successfully achieved gain saturation for this
laser system [5]. Nevertheless, a significant reduction in the reflectance of the iridium mirror was
observed under bombardment by the plasma generated by three consecutive discharges. Accordingly,
mitigating plasma-bombardment-induced damage to the reflectors is a prerequisite for investigating the
dependence of double-pass amplified laser output on experimental parameters. Double-pass
amplification of Ne-like Ar lasers at 69.8 nm [6] and 46.9 nm [7] was successfully demonstrated by our
research group in 2016 and 2022, respectively, utilizing discharge-produced plasma as the gain medium
and a SiC mirror as the reflector. Owing to the high hardness of SiC, no appreciable decrease in
reflectance was observed after 100 shots of plasma bombardments [6]. Accordingly, the dependence of
the double-pass amplification of the 46.9 nm laser on the pre-pulse-to-main-pulse delay was investigated
by our research group in 2023 [8]. To date, the pulse waveforms of double-pass-amplified EUV lasers
have been primarily investigated by research groups worldwide, and the pulse duration of double-pass-
amplified lasers has been observed to be markedly longer than that of single-pass-amplified lasers [1–4].
However, experimental investigations into the beam profiles of double-pass-amplified EUV lasers remain
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comparatively scarce. To date, experimental results concerning the spatial intensity distributions of
double-pass-amplified lasers have been reported primarily by the Czech group for the Ne-like Zn laser at
21.2 nm [1, 9, 10] and by our research group for the Ne-like Ar lasers at 46.9 nm [7, 8] and 69.8 nm [6]. It
is experimentally demonstrated that the poor spatial symmetry of the laser-produced plasma results in
irregularly shaped and poorly symmetric beam profiles for both single-pass- and double-pass-amplified
EUV lasers [1, 9, 10]. In contrast, owing to the cylindrical geometry of the discharge plasma, the beam
profiles of the single-pass- and double-pass-amplified EUV lasers generated thereby exhibit improved
spatial symmetry [7, 8].

To date, investigations of the 72.6 nm laser have been conducted exclusively by our research group. In
2011, 72.6 nm laser output was first achieved through single-pass amplification in a discharge-produced
plasma [11]. In 2016, using a main-pulse current amplitude of 12 kA, the dependence of the single-pass
amplified 72.6 nm laser intensity on the initial gas pressure was investigated [12], and the gain
coefficient was determined to be 0.22 cm⁻¹, substantially lower than that of the 69.8 nm laser (0.41
cm⁻¹). In 2022, with the amplitude of the main-pulse current increased to 17 kA, the dependence of the
intensity of the single-pass-amplified 72.6 nm laser on the initial gas pressure, pre-pulse current
amplitude, and pre-pulse-to-main-pulse delay was investigated [13].

Given the insufficient depth of research on the spatial intensity distribution of double-pass amplified
lasers and the fact that double-pass amplification at 72.6 nm has not yet been realized, this study
employs a discharge-produced plasma as the gain medium and a SiC mirror to achieve double-pass
amplification of Ne-like Ar 69.8 nm and 72.6 nm lasers, and investigates the dependence of the spatial
intensity distribution on the initial gas pressure. This work is conducive to enhancing the energy of Ne-
like Ar 69.8 nm and 72.6 nm lasers. Furthermore, the experimental results obtained herein offer deeper
insight into the influence of plasma conditions on the laser, thereby establishing a foundation for the
further enhancement of laser energy in future studies.

2. Experimental setup
The experimental setup for the discharge-produced-plasma EUV laser used in this work has been
described in detail in Refs. [14] and [15]. A combined pre-pulse and main-pulse discharge scheme is
employed in this setup. The main-pulse power supply is composed of a Marx generator, a Blumlein
transmission line, and a main switch. A 200 kV high-voltage pulse generated by the Marx generator is
used to charge the Blumlein transmission line. After temporal compression of this pulse by the Blumlein
transmission line, the high-voltage pulse is discharged through the initial plasma within the capillary. The
main-pulse current waveform is shown in Fig. 1, with a current amplitude of 11.8 kA, a 10%-90% rise time
of 33 ns, and a pulse width (FWHM) of 71 ns. In the experiment, an Al₂O₃ ceramic capillary with a length
of 35 cm, an outer diameter of 20 mm, and an inner diameter of 3.2 mm was used. An RLC overdamped
oscillatory circuit is employed in the pre-pulse power supply, and its circuit diagram and waveform are
described in detail in Ref. [15]. The pre-pulse voltage is 20 kV, and the pre-pulse current amplitude is 20
A. In the experiment, the capillary was first filled with Ar gas, and the Ar gas was then broken down by a
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high-voltage pre-pulse to form an initial plasma. After a delay of 6 µs, the main-pulse current was passed
through the initial plasma, thereby inducing a Z-pinch process. When the plasma is pinched to near its
minimum diameter, it contains a high abundance of Ne-like Ar ions, which are excited by electron impact
to the upper laser level 2p⁵3p. When population inversion is achieved between the upper laser level 2p⁵3p
and the lower laser level 2p⁵3s, EUV laser output is obtained.

Since both 2p⁵3p and 2p⁵3s configurations contain multiple sublevels, transitions between different
sublevels can simultaneously generate multi-wavelength laser emission at 46.9 nm, 69.8 nm, and 72.6
nm [11, 12]. As shown in Fig. 2, to avoid mutual interference among the lasers at different wavelengths, a
spatially resolved flat-field EUV spectrometer was used in the experiments to measure the spatial
intensity distributions of the 69.8 nm and 72.6 nm lasers. The EUV laser output from the capillary was
collected by a toroidal mirror, and dispersed by a varied-line-spacing grating, and was then imaged onto a
CCD (Andor Newton DO920P-BN), thereby enabling the spatial intensity distribution of each laser
wavelength along the slit direction to be measured. For the double-pass amplification experiments, a
precision-polished SiC mirror was mounted at one end of the capillary and at a distance of 2.5 cm from
the plasma column, to reflect the 69.8 nm and 72.6 nm lasers back into the plasma column for a second
amplification pass. The reflectance of the SiC mirror at the two wavelengths was measured to be
approximately 40%.

3. Experimental results and discussion
According to the experimental results reported in Ref. [14], for a main-pulse current amplitude of 12 kA,
the 69.8 nm and 72.6 nm laser intensities are maximized at an initial Ar gas pressure of 16 Pa. Therefore,
comparative measurements of the single-pass and double-pass amplified laser intensities at 69.8 and
72.6 nm were first carried out at an initial gas pressure of 16 Pa in this work. The time-integrated
spectrum of the plasma radiation measured in the experiments is presented in Fig. 3. It can be seen from
Fig. 3, compared with single-pass amplification, the intensities of both the 69.8 and 72.6 nm lasers are
markedly enhanced under double-pass amplification, with the intensities of the 69.8 nm and 72.6 nm
lasers being 7.4 and 3.5 times those obtained under single-pass amplification, respectively. According to
Ref. [6], when a 35 cm-long capillary is used, the length of the gain medium for the 69.8 nm laser has
already approached the critical length for gain saturation. Therefore, it can be inferred that the 69.8 nm
laser has reached gain saturation under double-pass amplification. By contrast, gain saturation is
presumed not to have been reached for the 72.6 nm laser. However, compared with single-pass
amplification, double-pass amplification yields a larger intensity enhancement factor for the 69.8 nm
laser than for the 72.6 nm laser, indicating that the gain coefficient at 72.6 nm is considerably lower than
that at 69.8 nm. This observation is consistent with the gain-coefficient measurements for the two lasers
reported in Ref. [12]. Furthermore, according to Ref. [11], the 69.8 nm laser originates from the
3p³P₂-3s¹P₁ transition, whereas the 72.6 nm laser originates from the 3p³D₂-3s³P₁ transition. Because
these two transitions involve different upper and lower laser levels, no competition exists between the
two laser transitions.
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For an initial Ar gas pressure of 16 Pa, corresponding to the condition in Fig. 3, the spatial intensity
distributions of the 69.8 nm and 72.6 nm lasers are presented in Fig. 4. As shown in Fig. 4, for the 69.8
nm laser, the beam divergence angle increases from approximately 0.5 mrad under single-pass
amplification to approximately 3.3 mrad under double-pass amplification. In contrast, for the 72.6 nm
laser, the corresponding divergence angle increases from approximately 0.5 mrad to 3.5 mrad. For both
the 69.8 nm and 72.6 nm lasers, appreciable amplification of the feedback radiation reflected back into
the gain medium by the SiC mirror was achieved at both the center and the edge of the beam profile, with
more pronounced amplification occurring at the edge. According to the theoretical results in Ref. [16],
radial variation of the plasma electron density induces refraction during laser propagation and
amplification within the plasma, and this refraction becomes more pronounced as the electron density
gradient increases. A comparison of the single- and double-pass amplified intensity distributions in Fig. 4
reveals that, there is one component of the feedback light from the SiC mirror, which has relatively small
angle with respect to the optical axis. Therefore, this component experiences a relatively small variation
in electron density during its propagation in the plasma and is therefore only weakly affected by the
refractive effect. After amplification, this component is distributed near the center of the beam profile.
For the remaining portion of the feedback radiation, which has a relatively large angle with respect to the
optical axis, a relatively large electron density variation is experienced during propagation. As a result,
the refractive effect becomes pronounced, leading to its distribution at the periphery of the beam profile
after amplification.

Variations in the initial gas pressure are shown to induce changes in the Z-pinch process of the plasma.
When the main-pulse current remains constant, the radially inward magnetic pressure exerted on the
plasma by the self-generated magnetic field of the high current remains constant. When the initial gas
pressure is reduced, the kinetic pressure directed toward the capillary wall within the plasma decreases,
thereby accelerating the Z-pinch process. Conversely, when the initial gas pressure is increased, the Z-
pinch process proceeds more slowly. Based on the above analysis, variations in the initial gas pressure
directly influence the Z-pinch process, thereby affecting the radial distribution of the plasma electron
density during laser generation. In the experiment, the initial gas pressure was varied to investigate its
effects on the spatial intensity distributions of the 69.8 nm and 72.6 nm lasers under single-pass and
double-pass amplification. When the initial argon gas pressure was reduced from 16 Pa (Fig. 4) to 14 Pa,
the spatial intensity distributions of the 69.8 nm and 72.6 nm lasers were shown in Fig. 5. As shown in
Fig. 5, the beam divergence angle of the 69.8 nm laser increases from approximately 0.5 mrad under
single-pass amplification to approximately 2.1 mrad under double-pass amplification, and the
corresponding beam divergence angle of the 72.6 nm laser increases from approximately 0.5 mrad to
1.7 mrad. Compared with the case in Fig. 4, a reduction in the gas pressure still resulted in pronounced
double-pass amplification near the center of the beam profile, while the intensity amplification at the
periphery was markedly weakened. Consequently, the divergence angle of the double-pass-amplified
laser at 14 Pa was considerably smaller than that at 16 Pa. In Fig. 5, the amplification at the center of the
double-pass-amplified beam profile is more pronounced than that at the periphery, indicating that when
the gas pressure is reduced, the radial electron density gradient of the plasma decreases
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correspondingly and the refraction of the feedback light by the plasma is weakened, so that after
propagation and amplification the feedback light is predominantly distributed near the center of the laser
beam profile.

When the initial argon gas pressure was increased from 16 Pa (the pressure used in Fig. 4) to 18 Pa, the
spatial intensity distributions of the 69.8 nm and 72.6 nm lasers are shown in Fig. 6. It can be observed
from Fig. 6 that the single-pass-amplified beam profiles of the 69.8 nm and 72.6 nm lasers no longer
appear as central bright spots with very small divergence angles, whereas the double-pass-amplified
beam profiles exhibit a distinct annular structure. Under double-pass amplification, the annular beam
profile of the 69.8 nm laser has a peak-to-peak divergence angle of approximately 3.5 mrad, while that of
the 72.6 nm laser has a peak-to-peak divergence angle of approximately 3.4 mrad. Compared with the
case in Fig. 4, an increase in gas pressure resulted in the amplified feedback light being distributed
predominantly at the periphery of the beam profile, which is attributable to the increased radial electron
density gradient of the plasma at higher gas pressure and the consequently more pronounced refractive
effect.

Comparison of Fig. 4, Fig. 5, and Fig. 6 reveals that, as the initial gas pressure increases, the double-
pass-amplified beam profile gradually transforms from a structure with a relatively small divergence
angle and a relatively strong central intensity into an annular structure with a relatively weak central
intensity. According to the above analysis, this behavior is primarily attributed to the increase in the
radial electron density gradient of the plasma at the time of lasing with increasing initial gas pressure,
which results in a more pronounced refractive effect on the radiation fed back by the mirror during its
propagation in the plasma. The observation that a relatively small variation in the initial gas pressure
nevertheless gives rise to a pronounced change in the double-pass-amplified beam profile. This
phenomenon indicates that the 69.8 nm and 72.6 nm lasers are highly sensitive to variations in the
plasma conditions, which also constitutes the primary reason why they are difficult to observe
experimentally.

4. Conclusion
With a high-temperature, high-density plasma produced by a high-current Z-pinch as the gain medium,
EUV lasers at 69.8 nm and 72.6 nm were achieved via energy-level transitions of Ne-like Ar ions. By
employing a SiC mirror to provide optical feedback, the laser was reamplified during a second pass
through the plasma, and double-pass amplification of the EUV lasers at 69.8 nm and 72.6 nm were
achieved. The experimental results demonstrate that the intensities of the double-pass amplified 69.8
nm and 72.6 nm lasers were enhanced by factors of 7.4 and 3.5 compared with those under single-pass
amplification at an initial gas pressure of 16 Pa, respectively. A flat-field grating spectrometer was
employed to measure the spatial intensity distribution of the laser along the slit direction of the
spectrometer. The effects of the initial gas pressure on the double-pass amplified lasers were
experimentally investigated. The results indicate that, with increasing gas pressure, the influence of
refraction on the feedback beam during its propagation and amplification in the plasma becomes
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progressively more pronounced. The double-pass-amplified beam profile gradually evolves from a
central-intensity-dominated profile at low gas pressure into an annular profile. Since the radial electron
density gradient is the primary parameter determining the refraction angle of light, it can be inferred from
the spatial intensity distribution of the double-pass amplified laser that the radial electron density
gradient of the plasma at the time of laser generation tends to increase with increasing gas pressure.
The dependence of the spatial intensity distribution of the laser on the initial gas pressure obtained in
this work lays the foundation for further enhancing the energy of the 69.8 nm and 72.6 nm lasers, and for
future multi-pass amplification using a resonant cavity.
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Figures

Figure 1

Typical current waveform of main pulse
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Figure 2

Schematic diagram of the experimental setup

Figure 3
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Time-integrated spectrum of plasma emission

Figure 4

Spatial intensity distributions of single-pass and double-pass amplified extreme ultraviolet lasers at an
initial gas pressure of 16 Pa
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Figure 5

Spatial intensity distributions of single-pass and double-pass amplified extreme ultraviolet lasers at an
initial gas pressure of 14 Pa
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Figure 6

Spatial intensity distributions of single-pass and double-pass amplified extreme ultraviolet lasers at an
initial gas pressure of 18 Pa
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