Influence of gas discharge parameters on emissions from
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A dielectric barrier discharge excited neutral argon (Ar I) excimer lamp has been developed and
characterised. The aim of this study was to develop an excimer lamp operating at atmospheric
pressure that can replace mercury lamps and vacuum equipment used in the sterilisation
of medical equipment and in the food industry. The effects of discharge gas pressure, flow
rate, excitation frequency and pulse width on the intensity of the Ar I vacuum ultraviolet
(VUV) emission at 126 nm and near infrared (NIR) lines at 750.4 nm and 811.5 nm have been
investigated. These three lines were chosen as they represent emissions resulting from de-
excitation of excimer states that emit energetic photons with an energy of 9.8 eV. We observed
that the intensity of the VUV Ar,* excimer emission at 126 nm increased with increasing
gas pressure, but decreased with increasing excitation pulse frequency and pulse width. In
contrast, the intensities of the NIR lines decreased with increasing gas pressure and increased
with increasing pulse frequency and pulse width. We have demonstrated that energetic VUV
photons of 9.8 eV can be efficiently generated in a dielectric barrier discharge in Ar.

Introduction

Excimer lamps are capable of delivering high power, high efficiency and narrowband radiation.
These sources emit intense ultraviolet (UV) radiation at specific wavelengths that can selectively
generate radicals. High gas pressure is necessary to ensure that excimer formation is faster
than radiative decay,' whilst the small radiative lifetime and broad spectral width of excimer
bound-free transitions require a high-excitation power density.? Excimer lamps radiate in the
UV and vacuum ultraviolet (VUV) spectral bands as a result of radiative decay of exciplex and
excimer molecules.? In this study, we aimed to develop an efficient VUV source and to determine
the optimum operating conditions for VUV generation. VUV sources can be used in bacterial
deactivation and the sterilisation of medical equipment, as well as an alternative treatment to
thermal pasteurisation in the food industry.

The kinetic model we used follows the known energy flow in excited argon at high density.
Figure 1 shows some of the transitions taking place in argon (Ar) when it is electrically excited.
Of the four levels in the 3p°4s configuration of Ar, the /= 0 (°P,) and the J = 2 (°P,) are metastable.
The two metastable levels, 3P0 and °P,, lie at 11.55 eV and 11.72 eV, respectively, above the ground
state. According to their statistical weights (g = 2/+1, where J is the total angular momentum
quantum number of the state), the °P, level is expected to be five times less populated than the °P,
level.* In general, Ar atoms, such as those involved in discharge Ar,* excimer kinetics, are ionised
by multistep processes to provide the electron source, where the required energy of the electrons
is acquired from the applied electric field. The second Ar continuum has its peak at 126 nm and
a bandwidth of 10 nm."!

The spatial distribution of discharge processes in noble gases and in noble gas-halogen mixtures
at a given pressure and flow rate varies strongly according to the applied voltage waveform. The
discharge can form separate glow discharge domains, or symmetrical or cone-shaped blurred
discharge areas. With increasing applied power (i.e. operating at high voltage and low frequency
or low voltage and high frequency), the non-uniform and patterned discharge distribution
becomes gradually more uniform. Uniformity is necessary to keep peak current densities and
gas temperature low, which is an important condition for efficient electrical to radiative energy
conversion in the plasma. For pulsed excitation, there are at least two factors that are considered
to be crucial for obtaining high conversion efficiencies: fast voltage rise times and short pulse
widths,’ both of which were investigated in this study. Fast rise times produce a more uniform
spatial distribution of the discharge plasma whilst short pulse widths terminate the applied voltage
immediately after ignition thereby significantly decreasing the rate of ion energy dissipation.®
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FIGURE 1: Energy level for atomic and molecular argon excited by a dielectric barrier discharge, showing transitions leading to the 126 nm, 750.4 nm and 811.5 nm

emissions.

Experimental method

A coaxial lamp configuration excited by a dielectric barrier
discharge (DBD) was employed to generate VUV and
visible light. Pyrex, 1.8 mm thick, was used as the dielectric
material covering both electrodes. The outer tube section was
wrapped with a wire mesh electrode of 80% transparency
whilst a thinner tube enclosing the grounded and water
cooled copper mesh electrode was placed coaxially at the
centre (Figure 2). The lamp is 150 mm long, the outer tube
has a 22 mm inner diameter with the outer diameter of the
central tube being 12 mm, allowing an annular discharge gap
of 5 mm. A l-inch CaF, window fitted at one of the ends of
the outer tube allowed observation of the VUV radiation.

Gas pressure was varied between 500 mbar and 1000 mbar,
as VUV intensities at lower pressures were insignificant. The
DBD discharge works with dynamic gas flow, meaning that
gas flows continuously during discharge operation’ in order
to minimise the effect of gas contamination from vessel walls
and construction materials on the DBD plasma. High purity
Ar gas (99.99%) was used and the flow rate could be varied
between 0 slm and 10 slm (standard litre per minute).

The discharge was driven by a high-voltage, high-frequency,
bipolar pulser generating square excitation pulses with
12 kV peak-to-peak amplitude, variable pulse durations
of 1 ps — 6 ps and with voltage rise and fall times of about
200 ns. Excitation frequency could be varied between 0 kHz
and 55 kHz.

The VUV emission spectrum was recorded using a vacuum
spectrometer (Model 218, McPherson, Chelmsford, MA,
USA) with standard two-mirror Czerny Turner layout fitted
with a solar blind photomultiplier tube with a wavelength
range from 115 nm to 200 nm (Type R6835, Hamamatsu,
Shizuoka-ken, Japan). The spectrometer was maintained
at a gas pressure of ~10° mbar during the experiments.
The VUV intensities reflect photomultiplier tube voltage
measurements. The recording of the near infrared (NIR)
spectrum was carried out with a fibre-coupled, high-
resolution spectrometer (HR4000 CG-UV-NIR, Ocean Optics,
Dunedin, FL, USA). The experimental set-up that was used
is shown in Figure 2.

Results and discussion
Effect of gas pressure on line intensities

At high gas pressure, collisions promote rapid electronic and
vibrational relaxation to the lowest lying energy levels. The
reactions forming the Ar,* excimer state are mainly caused
by three-body collisions: Ar* + 2Ar — Ar,*(CZ ) + Ar, Ar* +
2Ar — Ar,*('Z ) + Arand Ar,*CZ ) + e — Ar,*('Z ) + e, which
have been found to be strong destruction processes for the
lower metastable (°P,) state in krypton® and neon.’

The 126 nm emission (Figure 3a) increased with increasing
total gas pressure according to a second-order polynomial
(Figure 3b), confirming that a two-body collision' is required
for de-excitation to the ground state ('S)) of molecular Ar.
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detected under our experimental conditions. Similar results
were obtained by Zhang® for a Xel* excimer lamp. At high
gas pressure, the vibrational relaxation of metastables is very
fast.’

In the NIR region, the intensity of the 750.4 nm line
(Figure 4a) significantly decreased at pressures above
700 mbar, confirming the destruction of the upper metastable
state (°P ) as a result of enhanced three-body collisions. The
intensity of the 811.5 nm line (Figure 4b) increased with
increasing pressure up to a certain maximum value and then
remained constant. The rapid dissociation of vibrationally
excited Ar,*(Z)) by plasma electrons led to a saturation
in the population of Ar*('X) with rising pump density."
Saturation indicates that, at pressures above 700 mbar, three-
body collisions are required for high metastable populations.

The intensity of the 811.5 nm line did not increase because
of self-absorption. This finding was observed for various gas
flow rates, but saturation in intensity of this line is reached
more quickly at high flow rate. Similar results were obtained
by Bletzinger and Ganguly™ for the 750.4 nm line in their
work with Ar.

Effect of excitation pulse frequency
on line intensities

Efficient emission of VUV in excimer lamps requires that
the excitation frequency should enable the electrons to
move from one electrode to the other, whilst ensuring that
the heavy metastable species, in particular, remain in the
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FIGURE 3: (a) Argon vacuum ultraviolet second continuum intensity observed
at different pressures and (b) the variation of the peak intensity at 126 nm with
pressure.
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FIGURE 4: Effect of increasing pressure on the intensities of the (a) 750.4 nm and
(b) 811.5 nm argon emissions.

gap. At frequencies that are too high, electrons are trapped
in the gap resulting in gas heating, which is not favourable
to metastable formation. This phenomenon is reflected in
Figure 5 where the intensity of the VUV emission decreases
with increasing frequency. The peak intensity at 126 nm
shows a linear decrease with increasing pulse frequency.
These results suggest that, for our lamp at the given operating
conditions (i.e. a pressure of 1 bar and gas flow rate of 2 slm),
high operating frequencies do not result in efficient VUV
emission.

The observed NIR emission exhibited a behaviour opposite
to that of the VUV emission. The two analysed lines reflected
a similar behaviour for a given flow rate, that is, the intensity
increased with increasing pulse frequency, as shown by
Figures 6a and 6b, because of increasing energy input into the
discharge leading to enhanced population of higher energy
levels. On de-excitation, excimers populated the metastable
state leading to emission of the 750.4 nm and 811.5 nm lines.
However, because of the high pulse frequencies, three-body
collisions required for the VUV emission were reduced,
resulting in the reduction of VUV intensity. A build-up of the
population of the low-lying Ar* levels led to the enhanced
formation of Ar* excimers, which implies an increase in

FIGURE 5: (a) Argon vacuum ultraviolet second continuum intensity at
different frequencies and (b) the variation of the peak intensity at 126 nm
with frequency.

excimer formation rates. This increase in excimer formation
rates increases plasma ionisation as a result of the dissociation
of Ar,* excimers, which are in a highly excited vibrational
state, colliding with electrons.? Similar results have been
obtained in the UV and visible range by Ou and his group in
their work with XeI*.®

Effect of excitation pulse width on line intensities

Excitation pulse widths were varied between 1.2 ps and
6.2 ps. Short pulse widths resulted in high intensities of VUV
emission lines with the peak intensity at 126 nm decreasing
linearly with an increase in pulse width (Figures 7a and 7b).
When a very short pulse was used, metastable states were
excited and there was sufficient time for radiative decay
to take place before the arrival of the next excitation pulse.
This observation is in contrast to the expectation that pulse
width should have little or no effect on intensity because it
is assumed that pulse frequency and associated input power
stay constant when pulse width is varied.

There was no change in the intensity of the 750.4 nm and
811.5 nm lines with respect to pulse width for frequencies
lower than 15 kHz (Figure 8a and 8b). A notable increase in
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FIGURE 6: Effect of increasing frequency on the intensities of the (a) 750.4 nm
and (b) 811.5 nm argon emissions.

intensity of these two lines with increasing pulse width was,
however, observed at a frequency of 33 kHz. This observation
could be as a result of heating effects taking place in the gas
resulting in destruction of metastable states, thereby slightly
increasing intensity. There was no distinct difference in the
response of the two NIR emission lines to the change in pulse
width over the frequency range used.

Effect of gas flow rate on line intensities

The intensity of the VUV emission shown in Figure 9a
increased linearly with flow rate; this finding was also
reported by Masoud et al.* Gas flow rates were varied over
the range of 1 slm to 11 slm. Only a minimal influence of
flow rate on the intensity of the NIR lines was observed with
both the 750.4 nm and 811.5 nm emissions showing similar
behaviour when flow rate was increased (Figure 9b). High
flow rates result in cooling of the gas and impurities are
removed more efficiently from the discharge area, thereby
enhancing metastable formation. In addition, the intensity
of the second excimer continuum is particularly sensitive to
quenching collisions with gas impurities because of the long
radiative lifetime of the emitting state. Reducing impurities
by increasing the flow rate results in efficient quenching

FIGURE 7: (a) Argon vacuum ultraviolet second continuum intensity observed
at different pulse widths and (b) the variation of the peak intensity at 126 nm
with pulse width.

and an increase in the intensity of the second continuum.
This relationship is reflected in the NIR emission at high
flow rate (Figure 9b), at which the intensities of the 750.4 nm
and 811.5 nm lines suddenly decrease, and is also shown in
Figures 3a, 5a and 5b, in which the VUV intensity increased
with an increase in flow rate.

Conclusions

We analysed the second continuum VUV Ar,* excimer
radiation and two NIR lines (750.4 nm and 811.5 nm). The
second continuum of Ar has its peak at 126 nm and a full
width at half maximum of 10 nm, as confirmed by our
measurements. We observed that the intensity variation of
the second continuum is opposite to that of the NIR lines.
Excimer formation was efficient at low pulse frequencies,
small pulse widths and at high pressures, whilst NIR
intensities were enhanced at low pressures. Intensity of the
Ar second continuum increased with pressure, following a
second-order polynomial. Increasing gas flow rate enhanced
excimer formation as it contributed to the cooling of the
gas and removed gas impurities. Intensity of the NIR lines
increased with frequency. As pressure increased, the
intensity of the 750.4 nm line decreased, whilst the intensity
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of the 811.5 nm line increased steadily until saturation. These
relationships indicate a large cross section of the process
leading to the emission of the 811.5 nm line at high pressure,
whilst the opposite was true for the 750.4 nm line. Pulse
width and gas flow rates seem not to have had a significant
influence on the intensity of the NIR lines. An optimised
VUV emission was obtained at high gas pressures (~1 bar)
and low pulse repetition rates (~6 kHz).

This work has demonstrated that comparatively simple
DBD excimer lamps can be used to generate significant VUV
output intensities, which can be employed for sterilisation.
Such lamps could be a suitable replacement for heat
treatment, hydrogen peroxide or ethylene oxide methods
used in the sterilisation of medical devices. The VUV
emitted could also be used for bacterial inactivation in the
food industry. Preliminary experiments have demonstrated
the effectiveness of the emitted VUV for the inactivation of
Escherichia coli bacteria.
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