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Abstract A one-dimensional fluid model has been used
to describe the effect of radio frequency (RF) on the
characteristics of carbon dioxide (CO,), nitrogen (N,) and
helium (He) mixture discharge at 120 mbar in fast-axial-
flow RF-excited CO, laser. A finite difference method was
applied to solve the one-dimensional fluid model. The
simulation results show that the spatial distributions of
electron density and current density rely strongly on the
modulating driven frequency. When the excitation fre-
quency changes from 5 to 45 MHz, the plasma discharge is
always in @ mode. Moreover, as the excitation frequency
increasing, the higher densities of COY" and N5V can be
obtained, which is important to get higher excitation
efficiency for the upper laser level.

Keywords plasma, numerical simulation, CO,/He/N,
mixture discharges, one-dimensional fluid model

1 Introduction

The fast-axial-flow radio frequency (RF)-excited CO, laser
finds applications in current research areas like nano-
particle synthesis, generation of mono-energetic million
electron volts (MeV) photons in laser synchrotron sources
and 13.5nm extreme ultraviolet (EUV) sources for the
next generation high volume chip manufacturing, particle
acceleration, etc. [1-8]. The main reaction gases in fast-
axial-flow RF-excited CO, laser contain CO,, nitrogen
(N») and helium (He). In those main reaction gases, CO,
molecules are excited to typically emit photons at a
wavelength of 10.6 pm. N, molecules are excited by the
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discharge into a meta-stable vibrational level and transfer
their excitation energy to the CO, molecules when
colliding with them. He serves to depopulate the lower
laser level and to remove the heat. The performance of
high-power fast-axial-flow RF-excited CO, laser is
directly determined by the stable glow discharge of RF
gas mixture in discharge tube. The stable gas discharge is
influenced by discharge gap distance, gas mixture ratio,
excitation frequency, excitation voltage, and so on. In the
CO,/He/N, mixture discharge, the density distributions of
individual species and characteristics of the discharge
modes under different frequencies are not well understood
yet. In this paper, the stable gas discharge versus the
excitation frequency are investigated.

To research the influence of excitation frequency in the
stable gas discharge in RF excitation of CO, laser, various
discharge models and simulations have been studied in
recent years In 1991, Wester and Seiwert [9] proposed that
as the excitation frequency increased, the excitation
efficiency of RF excited CO, laser gets increased.
However, their study did not give much insight into the
relationship among electron density, electric field, and
excitation frequency. Then, Wang et al. [10]. used energy
balance equation and electron density balance equation to
describe distributions of electron density and electric field
in coaxial CO, laser under 27.12 and 54.24 MHz. In 2007,
Zhang et al. [11] presented the spatial distributions of
electron density, electric field, and electron energy in
different excitation frequencies in slab oxygen iodine laser.

Their calculation revealed that along with the augment
of excitation frequency, the relative electric field decreased
and electron density increased.

However, they did not explain in detail the relationship
between discharge model and excitation frequency. In
order to systematically research the influence of excitation
frequency in the stable gas discharge in fast-axial-flow RF-
excited CO, laser, CO,, N, and He have been used as
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reaction gases to simulate gas mixture discharge at 120
mbar under different frequencies.

The research only study on the influence of excitation
frequency to the CO,/He/N, mixture discharge, the other
variation of index does not count into the consideration.
So, this study used a fluid model to numerically simulate
this discharge and the calculations results on the distribu-
tions of electron density, current density, electric field,
electron temperature, and electron production rate along
with the variation of excitation frequency in the discharge
gas mixture. Some experimental results [12—14] can be
explained well by this numerical simulation.

2 Simulation models

Figure 1 shows the geometry of the planar discharge
structure. The discharge of CO,, N,, and He mixture is
generated between two parallel electrodes and insulators
with a RF excitation voltage. In this study, a one-
dimensional (1D) self-consistent fluid simulation on
CO,/He/N, mixture discharge at 120 mbar was performed.
The 1D self-consistent fluid simulation of glow discharge
was founded by Lymberopoulos and Economou [15]. The
basic premises of this model were stated in detail in Refs.
[15,16] as following: 1) The discharge was formed
between two large-area parallel conductive electrodes,
hence a 1D spatial approximation was permissible; 2) The
particle flux was described by diffusion/drift approxima-
tion; 3) Electrons were assumed to have the Maxwell—-
Boltzman energy distribution function; 4) The ion
temperature was assumed to be constant and equal to the
neutral gas temperature. An energy equation for ions was
not needed; 5) Magnetic field effects were not included.
Based on these assumptions, the model equations were
presented as follows:
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With the drift-diffusion approximation [15,16], the
continuity equation of plasma specie is given by Egs. (1)
and (2), in which subscript i represents electrons, ions and
meta-stable species; n, I and S denote the number density,

the flux density and the sources/losses of particles due to
the reactions respectively; p; and D; are the species
mobility and diffusion coefficient; ¢ and x represent the
time and inter-electrode axial distance, respectively.
Equation (3) is the energy transportation equation of
electrons. Here e is the elementary charge, 7, is the
electron temperature, I, is the flux of electrons, K, is the
heat conduction coefficient and Q. is the energy loss
arising from various reactions. The electric field across
discharge gap is described with Poisson’s equation as Eq.
(4), where E, e, and &, are the electric field, the elementary
charge, and vacuum permittivity, respectively. The effi-
ciency for the excitation of the level i by electron impact
can be calculated by Eqgs. (5)— (7) [17], where #; is the
efficiency for the excitation of the level i, w; is the energy
absorbed by one single event and #; is the particle density
of the gas component involved (CO,, N,, He). The power
supplied to one electron by the electric field is read as
P.(x). p. and k; are electron mobility coefficient and
species rate coefficient.

= lle) ®)
Pe(x) = epoE’ (x), (6)
wi(x) = emle + ] E* (x). (7)

In this study, it was supposed that all the energy supplied
to the vibrational levels of N, was transferred to the
asymmetric stretching mode of CO, molecules by
collisions of the second kind. Thus, the efficiency for
excitation of the upper laser level was a sum of 773 + 7,5.
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space
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©
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Fig. 1 Geometry of discharge system

On the boundary conditions, the electron temperature
was set to be 0.5eV and all species were set to zero.
Because secondary electron emitted from the electrode
surface has a relatively fixed energy value, the average
electron energy of the fixed electrode surface can be set to
0.5eV. In order to reduce the instability of numerical
simulation and improve the efficiency of numerical
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calculation, the initial values of the particle density and the
average values of the electron energy on the whole
discharge space were kept the same. The initial value of
electric field was determined by the initial values of the
density of charged particle and the applied voltage [15,18].

The discharge gases included CO,, N, and He mixture at
120 mbar. The ratio of CO, was 5% of the total, and He
was 67% while N, was 28%. A sinusoidal external voltage
was applied to the discharge electrode. The voltage was
600V, the electrode gap was 26 mm, the thickness of
insulator was 3 mm, the relative permittivity of insulator
was 7, and the driven frequency varied from 5 to 45 MHz.
The density and temperature of the gas were assumed to be
constant in time and uniform in space. The gas temperature
was supposed to be 400 K. The initial value of the particles
was given by n, = 10" cm™, and the density of other ions
and neutral particles is set to 0. The time-averaged values
are shown in Figs. 2—6. Before the calculation reaches to
steady-state, self-consistent calculation was required to
repeat about 1000 RF cycles. Based on the above
description, Eqgs. (1)—-(4) were numerically solved under
the initial conditions.

o-RF and y-RF are two models of RF discharge. The
result demonstrated that «~RF is more effective for
excitation of glow discharge.

The o discharge pattern is often referred to as the low
current discharge mode. This discharge is primarily
maintained by ionization. The y discharge is often called
the high current discharge mode. It is mainly caused by the
second electron emission.

In ~RF discharge, the plasma is weakly ionized under
medium-pressure and medium-frequency. The processes of
electron-electron collision, electron-ion collision, super
elastic collision and the meta-stable processes could be
neglected [19]. So, the main reaction in glow discharge

with CO,/He/N, mixture plasma is given in Table 1 and the
coefficients of reaction in CO, are obtained from Refs.
[20-22]. The coefficients of reactions in N, and He are
provided by Refs. [23] and [24], respectively.

3 Results and discussion

The electron densities under different frequencies were
shown in Fig. 2, it was indicated variation in electron
density can be considered as a function of excited
frequency. In Fig. 2, the position represents the spacing
between the two electrodes. From Fig. 2, it can be observed
that the electron density distribution is symmetric in
general and the maxima of electron density occurs at
sheath region, whereas the electron density in plasma bulk
region is relatively smaller, and the distribution of electron
density drifts up as the excitation frequency increases.
These findings can be used to explain why the most
luminous layer appears near the two electrodes, whereas
the luminosity in the central discharge area (plasma bulk
region) is relatively weaker, and these results were
experimentally observed by some researchers [12,25,26].

These two different discharge modes have been verified
in RF discharge [27]. One is & mode and the density of
discharge current is relatively low, the other terms is y
mode, and the density of discharge current is relatively
high [28,29]. Figure 3 shows the current amplitude with
different excitation frequency. On the boundary conditions,
the 600 V voltage was loaded at the electrodes. This means
that a constant power is adopted in this numerical
simulation. That is to say, we just considered effects of
the excitation frequency on discharge at a constant power
in this study. It was found in Fig. 3 that the current
amplitude increase linearly with the excitation frequency

Table 1 Collision reactions in the simulation

No. process notation

1 excitation of the bending mode (010) in CO, e+ CO,—>e+ COY°
2 excitation of the lower laser level (020 + 100) in CO, e+ CO,—>e+ Co;’“”*”‘o
3 excitation of the asymmetric stretching mode (001) in CO, e+ CO,—>e+ COY!

4 electronic excitation of CO, e+ COr—>e+ CO;

5 dissociative attachment in CO,

6 ionization of CO,

7 elastic collisions of He with electrons
8 electronic excitation of He

9 ionization of He

10 elastic collisions of N, with electrons
11 ionization of N,

12 excitation of vibration mode in N,
13 excitation of rotation mode in N,

e+ CO,—>CO+ O
e+ CO,—>2e+ COJ
e+ He—>e+ He
e+ He—>e+ He*
e+ He—>2e+ He
e+ N,—>e+ N,
e+ Ny—>2e+ Nj
e+ No—>e+ NyVP

e+ N,—>e+ N;Rm
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ranging from 5 to 15MHz, then the slower growth of
current amplitude occurs as the excitation frequency
varying from 15 to 25 MHz, finally the current amplitude
obviously rises with the excitation frequency between 25
and 45 MHz. The variation of the current amplitude was
relatively small when the excitation frequency increased
from 5 to 45 MHz. The « - > y discharge mode transition
has not been seen. Although the growth rate of discharge
current has a drop when the frequency increases from 15 to
25 MHz, the electron density is still growing with the
increasing excitation frequency. Figures 2 and 4 respec-
tively show the growth rate of electron density and electron
production rate are relatively low in the frequencies
ranging from 15 to 25 MHz. That is to say, electronic
shock and collision are relatively weak in that frequency
range and there are relatively few electron to maintain the
discharge. Therefore, the growth rate of discharge current
decrease in the frequency varying from 15 to 25 MHz.
Moreover, it was seen in Fig. 2, as the excitation frequency
increases, the distribution of electron density grows up
smoothly. This distribution is similar to the photograph of
the RF plasma operating in the & mode in Ref. [27]. Thus,
we deduced the discharge is « mode.
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Fig. 2 Electron density versus excitation frequency in spatial
profiles

In order to provide the discharge operating in & mode,
spatial profiles of the electron production rate with
different frequencies were simulated and the results were
shown in Fig. 4. It shows that electron production exists in
whole discharge region including sheath region and plasma
bulk region.

The sheath region is a layer in a plasma, which has a
greater density of ions. The plasma bulk region contains a
large number of positive and negative charged particles;
the positive and negative charge density is equal in this
region.
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Fig. 3 Current amplitude versus excitation frequency
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Fig. 4 Electron production rate versus excitation frequency in
spatial profiles

The spatial profile of gas ionization is saddle shape and
this profile complies with « mode discharge theory [26,30].
What’s more, in high driven frequency, the « mode
discharge is a more favorable discharge model [31]. So, we
deduce the gas is discharged in « mode from 5 to 45 MHz.

To further investigate the underlying physics of the
electron production rate, the spatial distributions of electric
field and electron temperature at five different excitation
frequencies were also studied, we found that the electric
field near the electrode at 5 MHz of excitation frequency
was over 2.7 kV/cm in sheath region; the thickness of this
region was around 4 mm. As the frequency increased to 45
MHz, the electric field in the sheath region was only about
2 kV/cm, and the thickness of sheath decreased from 4 to 3
mm. As seen in Fig. 5, the electric field is stronger in
sheath, and more electrons can gain more energy from the
electric field to reach ionization energy. The calculated
results indicated that the increasing frequency will reduce



Heng ZHAO et al. Effect of RF frequency on RF-excited plasma in fast-axial-flow CO, laser 5

3
‘.

A —— 45MHz

2+ - - - 35MHz

- - 25MHz

N S 15 MHz

————— 5 Milz

electron field/(10° V.em™)
[e)
T

2t %
\..
—3 1 1 1 1 L 1 L 1 1 1
0 5 10 15 20 25
position/mm
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profiles

the electric fields, compress the sheath region, and provide
a more stable discharge. The thinner sheath region means
that there is a larger effective excitation area (plasma bulk
region) for use, and a higher excitation efficiency for the
upper laser level, all of which are helpful for laser power
extraction and consistent with Refs. [12]. and [13]. It is
clearly shown in Fig. 6 that electron temperature decreases
with the excitation frequency, and the electron temperature
is much lower in the bulk plasma region than that in the
sheath region. This is probably due to the electric field in
the sheath region is higher than that in the bulk plasma
region. Electron collision in the sheath region can be more
intense and previously related experiments were also in
line with this deduction [14].

The higher the particle density of the upper laser level is,
the excitation efficiency gets higher. The excitation of this
level is produced by two ways. One is direct electron
impact with CO, molecules and the other is contributed by
energy transfer by the second electron collisions of with
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Fig. 6 Electron temperature versus excitation frequency in
spatial profiles

vibration excited N, molecules. However, many other
energy levels are also excited by a loss of energy with
respect to laser operation. For lower electron energies, it is
electronic excitation which is main excitation of bending
modes in CO,. Hence, we also simulated the distribution of
maximum particle density and the efficiency for the
excitation with different frequencies, results were shown
in Figs. 7 and 8. It is obviously seen that the density of
COY%! and N;V® grows with the excited frequency.
Moreover, there are larger effective excitation area and
higher excitation efficiency for the upper laser level by
increasing the frequency. These are beneficial for laser
power extraction. This conclusion is validated by Refs.
[12] and [13].

When the excitation frequency is increased, the sheath
region is compressed (see Fig. 2).The more electrons are
brought out from the compressed sheath region. These
electrons are contributed to the plasma bulk region and
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more electrons engage in reactions in this region. Hence,
the reaction can gain higher particle density with
modulating the excited frequency and the density of
COY%! and N,V is important to get higher excitation
efficiency for the upper laser level.

4 Conclusions

1D self-consistent fluid model was used to describe the
discharges in the RF excited fast axial flow CO, laser at
different RF. The effect of excitation frequency on such
characteristic parameters as the spatial distributions of
electron density, electric field, electron production rate, as
well as electron temperature and the distribution of the
maximum particle density and current amplitude has been
evaluated. The results indicate that with the increasing
excitation frequency, the discharge is in o mode. Moreover,
the higher particles density can be obtained by modulating
the excitation frequency. Furthermore, the result explains
satisfactorily some electrical properties of the discharges.
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