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Abstract—The effect of a small nitrogen additive on a microwave discharge in hydrogen ignited near the
antenna at a pressure of 1 Torr was studied by emission spectroscopy and visualization methods. It is shown
that, in the presence of a nitrogen additive, the discharge shifts along the antenna toward the generator and
the intensities of hydrogen spectral lines and bands near the antenna decrease. These results are qualitatively
explained on the basis of the earlier 1D simulation of the discharge. The changes in the discharge parameters
are caused by the replacement of the light H; ion in hydrogen plasma with the heavy N,H" ion in a discharge
in a hydrogen—nitrogen mixture. As a result, the rate of diffusive particle loss decreases, so that the discharge

can exist in regions with a weaker microwave field.
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1. INTRODUCTION

It is well known that small additives of other gases
to the plasma-forming gas can appreciably change the
properties of the discharge plasma. In particular, gas
additives can affect the ionization and excitation pro-
cesses and, consequently, the electric field, which, in
the case of a self-sustained discharge, is determined by
the charged particles balance.

A convenient instrument to study the effect of
small gas additives is the electrode microwave dis-
charge (EMD) ignited near the microwave antenna at
reduced pressures [ 1—3]. The EMD is not bounded by
the discharge chamber walls because it is smaller in
size than the discharge chamber. This discharge is
highly inhomogeneous; it consists of a bright plasma
layer near the antenna and is surrounded by a less
bright spherical plasma region. The layer forms in the
plasma resonance region, where the electron density
slightly exceeds the critical density (~10"' cm~). The
microwave field in the discharge is also inhomoge-
neous. Currently, such a discharge is considered to be
a combination of a self-sustained and a non-self-sus-
tained discharge. The former operates in the near-
electrode layer, while the latter operates in the sur-
rounding spherical region. Note that the kinetics of
excitation and ionization of hydrogen in the near-
electrode plasma layer is dominated by direct electron
impacts (e.g., hydrogen atoms are excited via electron-
impact dissociative excitation). The gas temperature in
the discharge reaches 600 K.

It is convenient to use the EMD to study the effect
of small gas additives because its response to them (in
contrast to discharges bounded by the chamber walls)
is clearly visible, e.g., the size of the discharge changes.
This effect was first discovered and thoroughly inves-
tigated when studying the influence of small argon
additives [4].

In [5, 6], the effect of a small hydrogen additive on
a low-pressure EMD in nitrogen was studied both
experimentally (by optical emission spectroscopy) and
numerically (by 1D and 2D simulations). It was shown
that, due to the discharge inhomogeneity, the effect of
the hydrogen additive on the intensities of nitrogen
spectral bands is different in different regions of the
discharge. The effect of a hydrogen additive on the
distribution of nitrogen molecules over vibrational lev-
els of the C°I1, state is also different in different dis-
charge regions. The hydrogen additive changes the
plasma ion composition. For example, far from the

antenna, the main N4Jr ion of the nitrogen plasma is
replaced with the lighter N,H" ion. This leads to an
increase in the microwave field in this discharge region
and changes in the intensity of the second positive sys-
tem of nitrogen. Thus, the main effect of the hydrogen
additive on a discharge in nitrogen consists in the
change of the plasma ion composition.

In this work, we discuss results of the experimental
study of the effect of a small nitrogen additive on a
highly inhomogeneous EDM in hydrogen at reduced
pressures.
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Fig. 1. Discharge image taken with the K-008 camera. The
microwave power is supplied along the antenna (dark cyl-
inder) from left to right.

2. EXPERIMENTAL SETUP

The experiments were carried out at the experi-
mental setup described in detail in [1—6]. The dis-
charge chamber is a 15-cm-diameter stainless-steel
cylinder with four diagnostic windows on its side wall.
A microwave with a power of up to 200 W and fre-
quency of 2.45 GHz is supplied to the discharge cham-
ber through a waveguide—coaxial junction, the central
conductor of which (a copper cylindrical tube with a
5-mm outer diameter and 3-mm inner diameter)
serves as an antenna electrode. The antenna is intro-
duced in the chamber through its upper end via a vac-
uum seal along the chamber axis, which coincides with
the discharge axis.

The chamber is equipped with quartz windows to
observe the discharge. A K-008 electron-optical cam-
era operating in the steak mode is used to visualize the
spatial spectrum-averaged distributions of the dis-
charge emission intensity, and an AvaSpec-2048 spec-
trometer with a resolution of 1 nm is used to study the
radiation spectra in the wavelength range of 300—
700 nm. A quartz condenser focuses the plasma image
onto the plane where the entrance aperture of a mov-
able optical fiber is located. The optical fiber can be
moved both parallel to the discharge axis and in the
radial direction. The spatial resolution of the system is
no worse than 0.1 mm. In this work, the radiation
emitted from the discharge region adjacent to the
antenna end was recorded.

The measurements were carried out in hydrogen
(the main gas) at a flow rate of 70 sccm with a nitrogen
additive at flow rates of 0—70 sccm. The total pressure
in the chamber was 1 Torr, and the input microwave
power was 80 W. The gases were supplied through a
channel in the upper lid of the chamber by using a sys-
tem consisting of controlled flowmeters, a throttler
valve, and a Baratron pressure gauge. The system
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Fig. 2. Axial distributions of the spectrum-integrated dis-
charge intensity at different nitrogen concentrations in the
discharge.

allowed us to maintain the gas pressure in the chamber
at a constant level when varying the gas flow rates.

3. RESULTS AND DISCUSSION

Figure 1 shows a photograph of the discharge. It is
seen that the antenna is surrounded by the discharge
region with a thin plasma layer, the maximum of the
layer glow being somewhat shifted from the antenna
end toward the generator. Figure 2 shows the mea-
sured axial distributions of the spectrum-integrated
intensity in a discharge in pure hydrogen and in the
H, + 5% N, and H, + 10% N, mixtures. It is seen that
the maximum of the radiation intensity on the antenna
shifts toward the microwave generator when nitrogen
is added to the discharge.

Figure 3 shows typical discharge emission spectra
recorded near the antenna end. In the presence of a
nitrogen additive, intense bands of the second positive
system of nitrogen appear already at a flow rate ratio as
low as N,/H, = 0.02. The intensities of the bands
increase with increasing nitrogen concentration. At
the same time, the intensities of hydrogen lines and
bands in this region decrease. At low nitrogen addi-
tives, the decrease in the intensities of hydrogen lines
appreciably exceeds the effect related to the diluting of
hydrogen with nitrogen. As the nitrogen concentration
increases, the band of the first positive system of nitro-
gen appears in the spectrum. At a flow rate ratio of
N,/H,=0.5, the discharge emission spectrum is dom-
inated by the nitrogen spectral lines and bands, while
hydrogen is represented only by the H,, line.

Figure 4 shows the intensities of the lines and bands
of hydrogen (493, 481, and 656 nm) and nitrogen
(337 nm) in near the antenna end as functions of the
nitrogen flow rate.
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Fig. 3. Emission spectra of discharges (a) in pure hydrogen and (b) in hydrogen with a 5% nitrogen additive.

Before discussing the results, note that measure-
ments of the standing wave ratio in the supply line show
that a small nitrogen additive does not affect the power
deposited in the discharge. This means that the
observed changes in the radiation intensity are caused
by the spatial redistribution of the absorbed power in
the presence of nitrogen. It is seen from Fig. 2 that,
when nitrogen is added to hydrogen, most of the
antenna is covered in a plasma sheath. It is known that
in a discharge initiated by a microwave antenna, most
of the microwave power is absorbed by a thin surface
plasma layer, where the microwave field is the strongest
[7]. The higher the microwave power, the smaller the
power fraction that reaches the antenna end, where the
discharge is initiated. This results in a decrease in the
electric field strength in this region. Since plasma radi-
ation is excited by electron impact and the excitation
coefficient depends on the microwave field strength,
this leads to a decrease in the intensities of hydrogen
spectral lines and bands. The increase in the intensities
of nitrogen lines and bands in the spectrum is caused
by an increase in the nitrogen concentration.

It remains unknown why the discharge boundary
moves toward the generator (toward the weaker field)
when nitrogen is added to hydrogen.

Discharges in hydrogen—nitrogen mixtures have
received active study [8—14] because such mixtures are
used in ammonia production and surface modifica-
tion (in particular, in surface nitriding).

The effect of a nitrogen additive on the parameters
of a dc discharge in hydrogen was studied in [15] by
using self-consistent zero-dimensional simulations.
The authors analyzed the effect of the change in the
electron energy distribution function (EEDF) caused
by the nitrogen additive on the discharge parameters.

It is known [16, 17] that, when nitrogen is added to
hydrogen, heavy nitrogen-containing ions (e.g.,
N,H*, NHj, etc.) appear the discharge plasma in

addition to the H; and Hj hydrogen ions. The ion
kinetics is usually simulated in a zero-dimensional
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model. In [18], we studied the effect of a nitrogen
additive on the structure and parameters of a highly
inhomogeneous microwave discharge in the 1D
spherical geometry by using a simplified kinetic model
in which only one heavy nitrogen-containing ion
(N,H™) was taken into account. This allowed us to
qualitatively analyze the effect of heavy nitrogen-con-
taining ions on the discharge structure.

The results of [ 18] can be used to explain the exper-
imentally observed phenomena. Note that this expla-
nation is qualitative, because strict solution require
using a 2D model and a more complete kinetic scheme
of the processes.

The model took into account two possible effects of
the nitrogen additive on the discharge properties,
namely, changes in the EEDF, which depend on the
nitrogen concentration, and changes in the plasma ion
composition. At a low nitrogen concentrations, the
EEDF changes insignificantly and the effect of its
change on the discharge parameters is weak; more-
over, this effect decreases with increasing microwave
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Fig. 4. Intensities of hydrogen and nitrogen spectral lines
and bands vs. nitrogen flow rate.
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power. Therefore, this effect is weak near the antenna,
where the microwave field is strong, and manifests
itself only in the spherical region of the discharge. The
microwave field strength near the antenna can be esti-
mated from the intensity ratio of the H, (656.2 nm)
and Hg (486.1 nm) hydrogen lines near the antenna
under the assumption that radiating atoms are excited
via dissociative electron-impact excitation [19]. Such
estimates yield a field strength of about 500—
600 V/cm. Note that, under the assumption that the
process is stepwise and consists of hydrogen dissocia-
tion followed by electron-impact excitation, similar
estimates yield the field values that are insufficient to
sustain the discharge. This confirms that excitation is a
direct electron-impact process. Unfortunately, the
error in measuring the microwave field strength in our
experiments reached 10—15%, which did not allow us
to fix a small decrease in the microwave field consistent
with the decrease in the intensities of hydrogen atoms.

The main factor governing the effect of the nitro-
gen additive on the shift of the maximum radiation
intensity along the antenna toward the generator is the
change in the plasma ion composition.

The processes of ion conversion in the plasma leads
to the appearance of heavy N,H™ ions, which replace

the main hydrogen ions H;. This leads to a decrease in
diffusive losses of ions and, accordingly, a decrease in
the electric field strength required to maintain the
charged particle balance in the discharge, due to which
the discharge boundary shifts along the antenna toward
weaker fields. The shift of the boundary decreases with
increasing nitrogen concentration, because the N,H"*
ion becomes the main ion already at low nitrogen con-
centrations and the further increase in the nitrogen con-
centration does not affect the type of main ion or the
position of the discharge boundary. Taking into account
a larger number of nitrogen-containing ions will not
change this qualitative explanation of the mechanism
for the observed changes in the structure of a discharge
in hydrogen with a nitrogen additive.

4. CONCLUSIONS

It is experimentally shown that a small (<5%) addi-
tive of nitrogen to a discharge ignited in hydrogen at a
pressure of 1 Torr by means of a microwave rod
antenna leads to the shift of the discharge boundary
along the antenna toward the generator. The field
strength in the discharge initiation system is at maxi-
mum near the antenna end, where the discharge is
ignited. To explain the observed effect, the results of
the earlier 1D simulations of the effect of nitrogen on
the microwave discharge in hydrogen were used. The
model takes into account changes in the EEDF, as
well as changes in the plasma ion composition and the

replacement of the main light H;r ion with the heavy
nitrogen-containing N,H* ion, when nitrogen is
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added hydrogen. Analysis shows that it is the latter
mechanism that causes changes of the discharge prop-
erties in the region with the strong microwave field
near the antenna. Heavy ions decrease diffusive losses
of charged particles on the antenna surface. This, in
turn, causes a decrease in the microwave field required
to sustain the microwave discharge, due to which the
discharge shifts toward the generator, into the region
with a weaker field.
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