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Abstract

In diffusion-cooled gas lasers, the laser medium gas is cooled through the discharge tube wall. Empirical findings sug-
gest that, in longitudinally excited CO, lasers with fast pulsed discharges, the materials of the discharge tube and coolant
impact the discharge. This study investigates their effects on fast discharges rather than on cooling. Within a discharge
tube with a cooling tube, the discharge tube and coolant create a capacitor, influencing the discharge. The laser output
energy varies based on the discharge tube and coolant materials. The primary discharge input energy is influenced by these
materials, as is the efficiency of converting it into laser output energy.

1 Introduction

The CO, laser, with a wavelength range of 9.1-12.3 um, is
a gas laser. This wavelength range is readily absorbed by
non-metallic materials like resins, ceramics, and biological
tissues. Short-pulse CO, lasers meet advanced processing
needs that have arisen recently, including processing with a
small heat-affected zone and selectively processing resin in
metal and resin composites.

The most common techniques for short-pulse CO,
lasers are the transverse excitation (TE) method [1] and the
Q-Switch method [2]. However, our focus is on the longi-
tudinally excited (LE) method. Even with the LE method,
short-pulse CO, lasers can be generated by optimizing the
gas mixing ratio and high-speed discharge. We previously
reported that the LE-CO, laser produced short pulses with a
spike pulse width of about 100 ns and a pulse tail of several
tens of us [3], as well as tail-free short pulses with a pulse
width of about 100 ns [4]. Using LE-CO, lasers, various
pulse shapes can be generated by adjusting the gas medium,
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even under the same excitation circuit [5]. For CO,-rich
gases at low gas pressures (<2 kPa), a tail-free short pulse
with a pulse width of approximately 100 ns is generated,
whereas for CO,-rich gas at high gas pressures (>2 kPa)
and N,-rich gas at low gas pressures (< 6 kPa), a short pulse
is generated that short pulses containing spike pulses with
a pulse width of approximately 100 ns and pulse tails with
a length of 10-200 us are generated. Meanwhile, long laser
pulses with a pulse width of 10-20 ps are generated in N,-
rich gas at high gas pressures (> 6 kPa). Furthermore, using
the LE-CO, laser, one can generate doughnut-shaped beams,
flat-top beams, and Gaussian beams by appropriately adjust-
ing the resonator [6]. The pulse energy of the LE-CO, laser
is a few hundred millijoules [5], which is lower than that
of the TE-CO, laser. The LE method is characterized by its
simple configuration, which does not require high-speed gas
flow or strong pre-ionization, and its ability to form a circu-
lar Gaussian beam easily due to the small circular aperture
and long resonator length [7]. This enables the realization of
compact laser systems and simple processing optics, mak-
ing the LE method suitable for small processing equipment
used in the production of many models in small quantities.
Based on our market research, the demand for an LE-CO,
laser with fast pulsed discharge includes high repetition rate
operation, ideally ranging from 5 to 10 kHz, to meet market
requirements for cycle time. We recently reported on achiev-
ing 1 kHz repetition rate operation of the LE-CO, laser [7]
and investigated the effect of high repetition rates on the
discharge characteristics of the LE-CO, laser [8]. We are
actively pursuing further improvements in repetition rate.
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Cooling plays a crucial role in enabling high repetition rate
operation of CO, lasers. Effective cooling reduces the popu-
lation of CO, molecules in the 01'0 level, thereby enhanc-
ing excitation efficiency and output power of the laser.
In diffusion-cooled gas lasers, the medium gas is cooled
through the wall of the discharge tube. Historically, cooling
of discharge tubes has utilized air or water, from the earli-
est reports of CO, laser development [9, 10] to recent ones
[11, 12]. However, in our LE-CO, laser, categorized as a
diffusion-cooled laser, we observed a decrease in laser out-
put energy when the discharge tube was cooled with water.
This decrease may be attributed to the formation of a capac-
itor between the water, which has high permittivity, and the
discharge tube with a cooling tube, potentially affecting the
laser output energy of the fast discharge pumped laser.

This study aims to explore the impact of discharge tube
material and coolant material on fast discharge in an LE-CO,
laser, rather than focusing on their effect on cooling.

2 Experimental setup

Figure 1 depicts a schematic diagram of the experimental
setup, which comprised two discharge tubes constructed of
dielectric tubes with an inner diameter of 6 mm, an outer
diameter of 10 mm, and a length of 400 mm. Electrodes
A and B, along with two AR-coated ZnSe windows, were
affixed to the ends of each discharge tube. Electrodes A and B
were linked to ground via a current balancing transformer to
ensure uniform current distribution in both tubes. Electrodes
C and D were positioned opposite each other midway along
the tubes. The discharge length, spanning from electrode C

Fig.1 Schematic diagram of
experimental setup. W, OC, M,
Cl, C2, and R represent AR-
coated ZnSe window, output cou-
pler, high-reflectivity mirror, 400
pF capacitor, 400 pF capacitor
and 2 MQ resistor, respectively.
V1 and V2 are voltage measure-
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(or D) to electrode A (or B), measured 410 mm. Electrode C
was connected to a capacitor C1 and a high-voltage power
supply, with a large resistor R included for safety. Electrode
D was grounded through capacitor C2. Cooling tubes, com-
posed of aluminum with dimensions of 21 mm inner diam-
eter, 25 mm outer diameter, and 260 mm length, enveloped
the discharge tubes to facilitate coolant flow. Coolant circu-
lated between the discharge tubes and cooling tubes, with
the latter connected to ground. The optical cavity comprised
an output coupler crafted from ZnSe with 85% reflectivity
and a highly reflective mirror featuring a curvature radius
of 5 m. The cavity length measured 956 mm. To enhance
beam quality by suppressing the generation of higher-order
modes, apertures with diameters of 5.5 mm on the output
mirror side and 6.0 mm on the highly reflective mirror side
were installed in the cavity. A premixed gas mixture of
CO,:N,:He=1:1:5 flowed through the discharge tube, with
the gas flow rate regulated by a throttle valve at the inlet.
Gas pressure was monitored at the outlet. The power sup-
ply generated a high-voltage pulse of approximately 25 kV
with a rise time of about 250 ns, resulting in an energy out-
put of roughly 125 mJ. As the charging of capacitor C1 by
the high-voltage pulse commenced, a discharge occurred
between electrodes C and D, which are closely spaced. This
discharge charged capacitor C2 and served as a mechanism
to stabilize the starting voltage of the main discharge. When
capacitors C1 and C2 reached their charged state and the
voltage between electrode C (or electrode D) and electrode
A (or electrode B) reached the breakdown threshold, the
main discharge occurred within the discharge tube, result-
ing in laser output. To mitigate heat load on the discharge
tube, the repetition rate was set to 10 Hz. Voltages V1 and
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Table 1 Relative permittivity of
materials at | MHz

material

relative permittivity

alumina ceramic
borosilicate glass

fused silica

9.9
4.6
3.9

pure water

fluorinated fluid

air

78.6
6.1
1.0

Current (A)

T AU
-05 00 0.5 10 15 2.0

Time (usec)

Fig. 2 Voltage and current waveforms with an alumina ceramic dis-
charge tube, pure water coolant, and a gas pressure of 3.0 kPa. Blue,
red, orange, and green lines correspond to voltage V1, voltage V2,
current I1, and current 12, respectively

V2 were measured using a high-voltage probe (Tektronix
P6015A), while currents 11 and 12 were measured using a
current monitor (PEARSON MODEL110A). Laser pulse
waveforms were recorded using an InAsSb photovoltaic
detector (Hamamatsu P13894-011MA), and laser output
energy was quantified using a power meter (COHERENT
PM30). The discharge tubes were constructed of alumina
ceramic, borosilicate glass, and fused silica, while the cool-
ants employed were pure water, fluorinated fluid, and air.
Pure water and fluorinated fluid were delivered to the cool-
ing pipe at a flow rate of 1.6 I/min, and air was supplied at a
pressure of 10 kPaG, with the outlet side open to the atmo-
sphere. Table 1 illustrates the known relative permittivity of
each material.

3 Results and discussion
3.1 Effects of cooling structure

We examined the capacitor formed by the discharge tube
and coolant. Figure 2 illustrates voltages V1 and V2, and
currents I1 and 12 with an alumina ceramic discharge tube,
pure water coolant, and a gas pressure of 3.0 kPa. Time 0
marks when voltage V1 hits 20% of its peak value. The high
voltage pulse charged capacitor C1 swiftly, causing a rapid
rise in voltage V1. As the voltage between electrodes C and
D reached breakdown, a discharge path formed between
them, leading to oscillatory charge transfer between capaci-
tors C1 and C2, altering voltages V1 and V2. At the break-
down voltage between electrode C (or D) and electrode A
(or B), a main discharge ensued from electrodes C and D
to electrodes A and B. The breakdown voltage of the main
discharge, defined as the maximum of voltages V1 and
V2, measured 25.8 kV at 0.2 ps. With a discharge length
of 410 mm and gas pressure of 3.0 kPa, the electric field
strength-to-gas pressure ratio (E/P) was 20.9 VPa~'m~!.
Current I1, flowing through the discharge tube to ground,
constituted the main discharge current for laser excita-
tion. Current 12, flowing from the cooling tube to ground,
began increasing at the onset of capacitor C1 charging and
decreased as charging ceased. The oscillation of current
12 suggested that the discharge tube and coolant formed a
capacitor (hereafter referred to as capacitor Cs).

In general, the energy F (¢1) consumed by the load at
time ¢; is expressed by the following equation using the
voltage V' (t) and current I ().

E(t) = [JV(t) I(t)dt
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Fig.3 Calculation results of input energy with an alumina ceramic dis-
charge tube, pure water coolant, and a gas pressure of 3.0 kPa. Orange
and green lines represent main discharge input energy (Em) and capac-
itance Cs input energy (Es), respectively

Equation (1) allows us to compute the main discharge input
energy using the time waveform of voltage V1 and current
I1, while the input energy of capacitor Cs can be determined
using the time waveform of voltage V1 and current 12. Fig-
ure 3 presents the calculated results of the main discharge
input energy and the input energy of capacitor Cs. The main
discharge input energy measured 82 mJ per pulse at 100 ps,
following a sufficient time period. Meanwhile, the input
energy of capacitor Cs peaked at 50 mJ at 0.3 us, then grad-
ually declined over time, stabilizing nearly constant after
1.5 ps. The 50 mJ stored in capacitor Cs was subsequently
released and contributed to the main discharge energy. By
100 ps, after ample time had passed, the input energy of
capacitor Cs dwindled to 13 mJ, indicating consumption
due to dielectric loss. The energy released by capacitor Cs
and utilized for the main discharge amounted to 37 mJ.
In essence, out of the 82 mJ main discharge input energy,
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Fig. 4 Laser pulse and discharge voltage waveforms with an alu-
mina ceramic discharge tube, pure water coolant, and a gas pressure
of 3.0 kPa. Orange and blue lines represent laser pulse and discharge
voltage waveforms, respectively. (a) Magnified time-scale view of
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37 mJ was provided through the capacitor Cs formed by the
discharge tube and coolant.

In this study, a 100 ps threshold was used to indicate suf-
ficient time for the calculations described above. At high
gas pressures, electric charge may remain in capacitor C1
due to slower discharge rates. Consequently, even when the
time reaches 100 us, V1 may not reach zero. However, from
50 ps onward, both currents 11 and 12 approach zero. Since
zero currents nullify any impact on the energy calculation
results, the voltage V1 being non-zero at this stage is incon-
sequential. Moreover, a comparison of calculation results at
50 us and 100 ps reveals their near equivalence. Hence, the
100 pus mark was employed in calculating both the main dis-
charge input energy and the dielectric loss energy of capaci-
tor Cs in this paper.

Figure 4 displays the waveforms of the laser pulse and
voltage V1 using an alumina ceramic discharge tube, pure
water coolant, and gas pressure of 3.0 kPa. Laser oscillation
commenced at 1.1 ps. The spikes observed in the laser pulse
waveform between 0.1 and 0.7 us were attributed to switch-
ing noise from the main discharge. Specifically, the laser
pulse exhibited a spike pulse width of 430 ns and a pulse
tail width of 115 ps. For this study, the spike pulse width
was determined as the full width at half maximum, while
the pulse tail width was defined as the length from the end
of the spike pulse to the end of the pulse tail. The laser pulse
energy measured 8.0 mJ.

3.2 Effect on laser output energy

The impact of discharge tube material and coolant mate-
rial on laser output energy was examined. In Fig. Sa, the
ratio of electric field strength to gas pressure (E/P) depen-
dence of laser output energy in fused silica discharge tubes
is depicted. The coolant material influenced the laser output
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spike pulse. (b) Overall waveform. (The discharge voltage waveform
is similar to the waveform for voltage V1 in Fig. 2). The spikes at time
0f 0.1 to 0.7 ps in the laser pulse waveform are attributed to switching
noise from the main discharge
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Fig. 5 Dependence of measured laser output energy on E/P with a discharge tube made of fused silica (a), borosilicate glass (b), and alumina
ceramic (c). Pink triangles, orange squares, and blue circles correspond to pure water, fluorinated fluid, and air, respectively
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Fig. 6 Dependence of calculated main discharge input energy on E/P with a discharge tube made of fused silica (a), borosilicate glass (b), and

alumina ceramic (c). Pink triangles, orange squares, and blue circles represent pure water, fluorinated fluid, and air, respectively

energy between E/P of 10.0 and 22.0. The highest laser out-
put energy was observed at 8.3 mJ for pure water at an E/P
of 10.4, 10.5 mJ for fluorinated fluid at an E/P of 11.6, and
12.6 m]J for air at an E/P of 11.8. For fused silica discharge
tubes, air yielded the maximum laser output energy. Fig-
ure 5b illustrates the E/P dependence of laser output energy
in borosilicate glass discharge tubes. The coolant material
influenced the laser output energy within the range of E/P
of 10.0 to 20.0. The highest laser output energy was 7.5 mJ
for pure water at an E/P of 11.2, 9.3 mJ for fluorinated fluid
at an E/P of 13.6, and 9.0 mJ for air at an E/P of 14.4. In
borosilicate glass discharge tubes, the coolant that provided
the highest laser output energy was fluorinated fluid. Fig-
ure 5S¢ demonstrates the E/P dependence of laser output
energy in alumina ceramic discharge tubes. The coolant
material influenced the laser output energy between E/P of
8.0 to 30.0. The maximum laser output energy was 8.0 mJ
for pure water at an E/P 0f 22.9, 7.8 mJ for fluorinated fluid
at an E/P of 20.8, and 10.1 mJ for air at an E/P of 17.9. For
alumina ceramic discharge tubes, air resulted in the highest
laser output energy.

The discharge tube material and the coolant material
influenced the laser output energy. Moreover, the discharge
tube material also influenced how the laser output energy
depended on the coolant material. The highest laser output
energy, 12.6 mJ, was achieved with fused silica discharge

tubes and air coolant. Across all discharge tubes, laser out-
put energy was lowest when using pure water as the coolant.

3.3 Effect on main discharge energy

We investigated how the discharge tube material and cool-
ant material affected the main discharge input energy. This
energy was calculated using voltage V1 and current I1. Fig-
ure 6a displays the E/P dependence of the main discharge
input energy in fused silica discharge tubes. The coolant
material influenced the main discharge input energy at E/P
values of 12.0 and above. With pure water, the maximum
main discharge input energy was approximately 106 mJ at
E/P ranging from 13.8 to 20.8. For fluorinated fluids, the
maximum main discharge input energy was approximately
113 mJ at E/P values of 14.3 to 27.2. With air, the maximum
main discharge input energy was approximately 112 mJ at
E/P values of 13.1 to 28.2. In fused silica discharge tubes,
the coolant that yielded the highest main discharge input
energy was fluorinated fluid. The maximum main discharge
input energy remained nearly constant for all coolants,
regardless of E/P. The energy supplied by the power supply
was determined by the capacitance of its internal capaci-
tor, with a maximum value of 125 mJ. Considering capaci-
tance transfer loss and dielectric loss, it was assumed that
all energy supplied by the power supply was consumed. In
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Table 2 Conversion efficiency

X discharee laser output EP main discharge cqnvgrsion
at E/.P values that provided the tubeg coolant energy (VPa~lm) input energy etﬁc:')lency
maximum value of laser (ml) (mJ) (%)

pure water 83 10.4 88.8 9.3

fused silica fluorinated fluid 10.5 11.6 92.1 11.4
air 12.6 11.8 97.9 12.9

pure water 7.5 11.2 84.5 8.9

borosilicate glass fluorinated fluid 9.3 13.6 943 9.9
air 9.0 14.4 87.6 10.3

pure water 8.0 229 85.8 9.3

alumina ceramic fluorinated fluid 7.8 20.8 89.8 8.7
air 10.1 17.9 98.1 10.3

a fused silica discharge tube, an increase in supplied energy
from the power supply might raise laser output energy. Fig-
ure 6b illustrates the E/P dependence of the main discharge
input energy in borosilicate glass discharge tubes. The cool-
ant material influenced the main discharge input energy
within the range of E/P from 12.0 to 24.0. For pure water,
the maximum main discharge input energy was 84.5 mJ at
E/P of 11.2. For fluorinated fluid, it peaked at 94.3 mJ with
an E/P of 13.6, while for air, it reached 87.6 mJ at E/P of
14.4. In borosilicate glass discharge tubes, the coolant max-
imizing the main discharge input energy was fluorinated
fluid. Figure 6c¢ illustrates the E/P dependence of the main
discharge input energy in alumina ceramic discharge tubes.
The coolant material impacted the main discharge input
energy at E/P of 22.0 and below. For pure water, the highest
main discharge input energy recorded was 84.5 mJ at E/P of
11.2. For fluorinated fluid, it peaked at 94.3 mJ with an E/P
of 13.6, while for air, it reached 87.6 mJ at E/P of 14.4. In
alumina ceramic discharge tubes, the coolant maximizing
the main discharge input energy was air.

The main discharge input energy was lowest with pure
water as the coolant for all discharge tube materials. Both
the discharge tube material and the coolant material influ-
enced the main discharge input energy. Additionally, the dis-
charge tube material affected how the main discharge input
energy depended on the coolant material. In fused silica
and borosilicate glass discharge tubes, the main discharge
input energy showed no correlation with the permittivity of
the coolant material. However, the permittivity of both the
discharge tube and the coolant impacted the characteristic
impedance of the discharge system. While the permittivity
of the discharge tube and the coolant did not directly affect
the main discharge energy, they did influence the character-
istic impedance, which in turn affected the main discharge
energy.

3.4 Discussion

As depicted in Sect. 3.2, the E/P ranges where the coolant
material affects the laser output energy were E/P of 10.0 to

@ Springer

22.0 for a fused silica discharge tube, E/P of 10.0 to 20.0
for a borosilicate glass discharge tube, and E/P of 8.0 to
30.0 for an alumina ceramic discharge tube. As illustrated
in Sect. 3.3, the E/P range where the coolant material influ-
ences the main discharge input energy was E/P of 12.0 and
higher for a fused silica discharge tube, E/P of 12.0 to 24.0
for a borosilicate glass discharge tube, and E/P of 22 and
lower for an alumina ceramic discharge tube. While the
main discharge energy should affect the laser output energy,
the range in which the coolant material impacted the laser
output energy was narrower than the range affecting the
main discharge energy. This suggests that there may exist
an E/P range where the laser output energy was saturated
relative to the main discharge energy.

The discharge tube material and coolant material could
have also influenced the discharge distribution within the
discharge tube. Table 2 lists the conversion efficiencies at
E/P values where the maximum laser output energy was
achieved for all combinations of discharge tube material and
coolant material. These efficiencies were calculated based on
the main discharge input energy and the laser output energy.
Notably, the conversion efficiency calculations exclude the
energy consumed by dielectric losses in the capacitor Cs.
Both the discharge tube material and the coolant material
impacted the conversion efficiency. Furthermore, the dis-
charge distribution within the discharge tube, influenced by
both the discharge tube and coolant materials, played a role
in determining the laser gain distribution, thereby affecting
the conversion efficiency.

4 Conclusion

In a longitudinally excited CO, laser with fast pulsed
discharge, we investigated the impact of discharge tube
material and coolant material on fast discharge and laser
output energy. In a discharge tube with a coolant tube, a
capacitance formed between the discharge tube and cool-
ant affected the discharge. Both discharge tube and cool-
ant material influenced the main discharge input energy. No
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correlation between the permittivity of the coolant and the
main discharge input energy was observed in fused silica
and borosilicate glass discharge tubes. However, the char-
acteristic impedance of the discharge system, determined
by discharge tube and coolant permittivity, likely influ-
enced the main discharge input energy. Laser output energy
depended on the main discharge input energy, influenced by
both discharge tube and coolant material. Additionally, laser
output energy may have been influenced by discharge dis-
tribution in the tube, affected by discharge tube and coolant
material. These findings serve as a reference for optimizing
cooling systems for longitudinally excited CO, lasers with
fast pulsed discharges. Future studies will aim to achieve
high-energy, short-pulse repetition rate oscillation at a
10 kHz repetition rate.
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