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1. Introduction

High-power lasers are widely used in industrial and scientific
fields. In recent years, solid-state laserst™, especially fiber
lasers'?!, have been developed rapidly, but, due to the limitation
of thermal self-focusing, facet damage, and non-linear effects'),
the output power of a single fiber laser is difficult to increase fur-
ther®. Diode pumped alkali lasers (DPALs)">® and optically
pumped rare gas lasers (OPRGLs)!”), which use gaseous lasing
medium to avoid the bottleneck of solid-state lasers, are consid-
ered as potential new candidates for high-power lasers. The
OPRGLs are kinetically analogous to the extensively studied
DPALs, but overcome the disadvantages of DPALs by using
a chemically inert lasing medium and offer the potential to
achieve a specific laser power of the order of 102 W -cm™ with
overall conversion efficiency as high as 60%.. The OPRGLs
are based on a three-level laser concept, including optical pump-
ing of the 1s®> — 2p° transition using a diode laser, collisional
relaxation of the 2p® — 2p'® transition, and lasing through
the 2p'® — 1s° transition. The lower-level 1s state is metastable,
which is mainly generated by electric discharges. As an effective
energy transfer agent, helium (He) is introduced into OPRGLs
to near atmospheric pressure. In the past few years, progresses
have been reported in OPRGLs, of which the laser power was
increased from milliwatts to watts, and the optical conversion
efficiency was increased from 0.1% to 31%!°''!. The kinetic
model"?! and experimental results!'" showed that high density
(>1x102cm™) of metastable atoms was necessary for
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Direct current pulsed discharge is a promising route for producing high-density metastable particles required for optically
pumped rare gas lasers (OPRGLs). Such metastable densities are easily realized in small discharge volumes at near atmos-
pheric pressures, but problems appear when one is trying to achieve a large volume of plasma for high-power output. In this
work, we examined the volume scalability of high-density metastable argon atoms by segmented discharge configuration.
Two discharge zones attached with peaking capacitors were connected parallelly by thin wires, through which the peaking
capacitors were charged and of which the inductance functioned as ballasting impendence to prevent discharging in only
one zone. A uniform and dense plasma with the peak value of the number densities of Ar (1s°) on the order of 10 cm~ was
readily achieved. The results demonstrated the feasibility of using segmented discharge for OPRGL development.

Keywords: rare gas laser; pulsed discharge; plasma application.

efficient laser operation, but up till now this required
particle density was only realized in a volume of less than
0.5 cm? by direct current (DC) pulsed discharge at atmospheric
pressure!®).

The main factor limiting the improvement of laser power is
the volume of gain medium. The previous theoretical model sug-
gested that a discharge volume of tens of cubic centimeters
would be required for a 100 kW laser system'"), which was
much larger than the volume reported in the studies®~'"'#-1%],
In fact, it is a common challenge of any electrical discharge to
generate dense plasma in a large volume. The parallel electrode
configuration in DC pulsed discharge offers the possibility of
volume scaling-up. However, high-pressure discharges with
large discharge gaps (to several centimeters) usually need com-
plicated high-voltage pulsed power supply and pre-ionization
devices and are limited to low repetition rates, which causes
the result that the easiest way to enlarge the plasma volume
may be the expanding of the electrode area. In our previous
work!?), it was found that dense plasma could not be generated
by using a pair of large plates in the pulsed discharge at high
pressure. The inevitable thermal instability'*") at atmospheric
pressure seems to be the main reason for the difficulty of
large-volume DC pulsed discharges with high repetition rates.
Since this thermal instability is not serious under small-scale
electrodes, inspired by the segmented excitation of high-power
CO, slab waveguide lasers'*>**), we considered introducing a
configuration of segmented discharge to provide large-volume

Chinese Optics Letters 20(3), 031408 (2022)


mailto:zuoduluo@hust.edu.cn
https://doi.org/10.3788/COL202220.031408

Vol. 20, No. 3 | March 2022

and high-density lasing medium for OPRGLs. However, since
each segmented electrode needs to be matched with a drive cir-
cuit, the design of the segmented discharge with separate driving
circuits will be complicated. If all of the segmented electrodes are
simply connected in parallel to the pulsed DC power supply, the
expansion of the plasma volume cannot be realized in the nano-
second pulsed discharge. Because of this, the relative delay
between the discharge current pulses passing through each seg-
ment is on the order of nanoseconds'>*, and the gas will possibly
break down into a certain segment. Therefore, in order to reduce
the complexity of the segmented pulsed discharge configuration,
we consider connecting the peaking capacitors in parallel with
each segmented electrode for the production of dense plasma.
The peaking capacitors produce a narrow and intense current
pulse, which enhance the ionization and radiation production
at the first step of the discharge!®”). They are connected to a
pulsed driving circuit by thin wires, of which the inductance
functions as ballasting impendence to prevent discharging in
only one segment. It is thus possible to increase the volume
for the argon (Ar) metastable lasing medium by just increasing
the number of segments.

2. Experimental Setup

A discharge chamber (with inner diameter 200 mm and height
400 mm) of stainless steel six-way cross was constructed with
four windows on the sides, which were anti-reflection coated
for the IR radiation. A turbo pump (SL300, Leybold) at the
top of the vacuum chamber was used to evacuate the chamber
to 1 X 107 mbar (1 mbar = 101.325 Pa) before filling with Ar
and He gases. The pressure of the gas mixture ranged from
400 to 800 mbar, and the volume ratio of Ar and He was
1:99, which was expected to achieve the highest efficiency of
excitation of Ar metastable states in Ar/He mixtures'®. As
shown in Fig. 1, the discharge device was designed with a
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Fig. 1. Schematic of the plasma generator and the setup for laser diode
absorption spectroscopy. LD, laser diode; SP, monochromator; PMT, photomul-
tiplier tube; CCPS, capacitor charging power supply; MOSFET, metal-oxide-
semiconductor field-effect transistor.
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segmented structure. All of the electrodes are made of stainless
steel, and the upper one is electrically grounded. The area of each
segmented lower electrode is A = 2.5 X 0.8 cm?. The lower elec-
trodes are parallel to the upper electrode and placed about
0.2 cm apart. The peaking capacitors (CP1 and CP2) with a
capacitance of 880 pF each are connected in parallel with each
segmented electrode pair in the discharge chamber and con-
nected together at the high-voltage terminals by thin wires to
the previously developed pulsed DC power supply!®®! via coaxial
cable operating at 10 kHz. The inductance of L1 and L2 of the
thin wires is estimated to be about 100 nH.

A home-made narrow linewidth (10 GHz) diode laser'>®! was
used for absorption spectroscopy to estimate the density of
metastable atoms, and its power was attenuated to less than
1 mW by a neutral density attenuator. The setup and method
are quite similar to those described in previous work!>”, so they
are only briefly described here. The laser diode operating near
811.5 nm was aligned in the y direction and loosely focused
on the discharge gap. The beam passing through the plasma
was collected by a photomultiplier tube (R928, Hamamatsu
Photonics) through a monochromator (SP2750, Princeton
Instruments). At the output of the pulsed DC power supply,
the time-resolved waveforms of current and voltage were moni-
tored by a current monitor (110, Pearson) and a high-voltage
prober (10076B, Keysight), respectively, to observe the charac-
teristics of segmented pulsed discharge.

3. Experimental Results and Discussion

The temporal waveforms of the voltage and current measured at
point A marked in Fig. 1 are shown in Fig. 2. In the experiments,
high-voltage pulses were adjusted by the voltage setting of a
capacitor charging power supply (CCPS), and the maximum
value of the pulsed voltage was slightly less than two times
the charged voltage at the storage capacitors C1 and C2 with
capacitance 4 nF each. The related electric energy deposited into
the plasma, calculated by integrating the product of the current
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Fig. 2. Typical traces of pulsed voltage and current with gas mixture of
1% Ar/He at 800 mbar, of which the deposited energy is about 2.1 mJ.
CCPS is set at 800 V, with the voltage at C1 and C2 charged to 1.33 kV.
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and voltage measured at point A, was about 2.1 mJ. The current
generated by the discharge device is one order of magnitude
higher than that of Mikheyev et al'”), suggesting a higher
degree of ionization in this case.

Photos of discharge plasma along the x and y directions are
depicted in Fig. 3. The dense plasma uniformly filled the
designed region, which demonstrated that the application of
peaking capacitors reduced the effect of the jitter between the
startup of each segment and produced dense plasma in two seg-
ments at the same time. The images of plasma were used for the
estimation of the absorption length [ along the probing path. The
transmitted laser intensity and the metastable density were cal-
culated by the methods reported in the literature!"’,

In the experiments, we investigated the dependence of the
density of metastable particles on the charging voltage by
changing the voltage set at the CCPS, as shown in Fig. 4(a).
The probing beam entered the plasma in a segment along the
y direction to avoid almost complete absorption by the plasma.
We observed that the peak densities of metastable atoms
produced in the experiments arrived at 1 X 10'* cm™>, and it
depended only slightly on the CCPS setting when the voltage
was higher than 600 V. This was a result of the breakdown volt-
ages as well as the peak values of reduced electric field E/N not
changing much when higher charging voltages were applied.
As shown in Fig. 4(b), the voltage waveform at point A of
Fig. 1 was measured while the density of metastable atoms
was measured. The output voltage of the pulsed DC power sup-
ply is highly dependent on the CCPS setting, so the gas mixture
was not able to break down when its pressure was near atmos-
pheric pressure, and the CCPS setting was lower than 500 V.
Because of the existence of cable inductance, there should be
a process of resonant charging to the peaking capacitors, which
made the minus peak of the discharge voltage at the lower elec-
trode possibly even lower than that shown in Fig. 4(b).

High pressure is necessary for OPRGLs to improve the rates of
relaxation between energy levels and broaden the absorption
linewidth of metastable atoms for the pumping. However, it
is noted that the breakdown voltage increases with the gas
pressure, which affects the generation of metastable atoms. We
investigated the effect of gas pressure on the generation of meta-
stable atoms. As shown in Fig. 5, the peak value of the density of
metastable atoms does not change significantly with the increase

Fig. 3. Plasma photos taken along the (a) y direction and (b) x direction at
800 mbar. Two segmented electrodes were used each with a length of
25 mm in the x direction and a width of 8 mm in the y direction.
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Fig. & (a) Curves of Ar (1s%) density versus time at different DC charging
voltages and 800 mbar. An absorption length of 8 mm was used.
(b) Voltage at the output of pulsed DC power supply at different DC charging
voltages and 800 mbar.
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Fig. 5. Dependence of Ar (1s°) density on pressure. CCPS is set at 800 V.
An absorption length of 8 mm was used.
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Table 1. Wavelength and Transition Levels of Each Selected Linel?’.
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Wavelength (nm) Type Transition Levels Spontaneous Emission Coefficient (s~!)
41819 Ar | 3pd - 188 5.6x10°
419.83 Ar | 3pd — 18t 2.57 % 108
420.07 Arl 3pd — 180 97 % 10°
42594 Arl 3p! > 1s? 3.98 x 10°
433.36 Arl 3p? - 1s 57 x 105
696.54 Ar | 2p2 — 189 6.4 x 108
750.39 Arl 2! — 16 45 %107
80148 Ar | 208 — 1s° 9.3 %108
81153 Ar | 2p? — 1sd 33x 10
826.45 Arl 202 — 182 153 x 107
447 48 Ar 1l [35%3p" ('D)4p[°PY), — [3573p* (PP)3dIDs 2 290 x 107
47359 Arll [3s23p* (5P)4p]*PY ) [3s23p" (*P)4s]*Ps , 5.80 x 107
50172 Ar i [3s23p* ('D)4p]PFe 2~ [3s23p*(2P)3d]Ds 2.07 x 107
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Fig. 6. Time-resolved intensity of characteristic emission of Ar atoms at 800 mbar. The DC charging voltage is 750 V.
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of pressure, while the lifetime of metastable atoms decreases sig-
nificantly with the increase of pressure. Therefore, high repeti-
tion rate [perhaps higher than 100 kHz, according to the
duration of the metastable states shown in Fig. 4(a)] is required
to continuously produce high-density metastable states in the
segmented pulsed discharge at atmospheric pressure.

We investigated the temporal evolution of the characteristic
emission lines of the gas mixture. The wavelength and related
energy levels of the emission lines are shown in Table 1.
Figure 6 shows that the temporal waveforms of emission lines
exhibit a bimodal shape, indicating that the dominant mecha-
nism leading to the generation of metastable atoms in such a
pulsed discharge with high deposited energy is divided into
two periods in time. Note that the pulsed current in Fig. 2 almost
vanished in 1 ps after the gas mixture got broken down. It can be
seen from the temporal waveforms of different emission lines
that a large number of active particles such as metastable Ar
atoms, excited Ar atoms, and Ar ions were generated in the first
duration of 100 ns. After the pulsed current almost vanished,
there was still afterglow, which indicated that when the electron
excitation turned weak, the decay and relaxation collisions took
the major role in the generation of metastable particles. In addi-
tion, since the intensity of emission is proportional to the occu-
pation density of the upper level and the spontaneous emission
coefficient, we noticed that the particle densities in the highly
excited states of Ar (such as 2p' and 2p?), which were mainly
produced by ion recombination and relaxation collision, were
quite considerable compared to that of 2p°. Therefore, it is nec-
essary to modify the pulsed discharge models®*** used to sim-
ulate OPRGLs, which mainly investigate the excited states of
2p% 2p°, and 2p'? and simply use Ar (hl) to represent all energy
levels of Ar above 2p®.

4. Conclusions

The primary objective of this study was to investigate the pos-
sibility of whether a segmented pulsed discharge could be used
to realize a volume-scalable structure with high densities of
Ar (1s°) metastable particles. This segmented discharge struc-
ture with peaking capacitors eliminated the need of separated
drive circuits, reducing the complexity and cost of design.
The peaking capacitors were charged by a DC pulsed power sup-
ply, and a narrow and intense pulsed current was generated
every time when the discharge was triggered. Calculated from
the measured voltage and current waveforms at the outlet of
the pulsed power supply, the highest energy deposited into the
discharge zone of 2 X 0.4 cm® was about 2.1 m]J for each pulse.
The time-resolved results on metastable density and emission
spectra showed that the lifetime of Ar (1s°) atoms was highly
dependent on gas pressure, and the generation routes of Ar (1s°)
atoms varied with time, where the ion recombination and the
relaxation of highly excited particles took an important role
at the afterglow stage. The peak metastable density approached
1 x 10" cm™ at gas pressure of 800 mbar, which indicated that
segmented pulsed discharge is a feasible scheme to generate
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scalable volume of high-density plasma at atmospheric pressure
for Ar metastable production with applications in OPRGLs.
In fact, the practicability of this structure is far more than a
one-dimensional arrangement. In subsequent experiments,
the possibility of the two-dimensional array structure for further
expanding the volume of dense plasma will be tested.
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