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Abstract: A possible interference of the light emitted by the laser induced streamer coronas and the laser
induced fluorescence (LIF) signal during the measurements of NO concentration in a DC positive corona
discharge was experimentally investigated. For in-situ NO measurement a LIF system consisting of a XeF
excimer laser, dye laser and BBO crystal, generating a tuned laser line at 226 nm was employed. From the
measured occurrence timing between the regular streamer coronas, laser pulse, LIF signal and laser induced
streamer it was found that the LIF signal appears almost immediately after the laser incidence and lasts over
about 30 ns, while the induced streamer starts about 35 ns after the LIF signal and lasts about 350-500 ns. Due
to the 5 ns interval between the LIF signal and the laser induced streamer the undisturbed detection of the LIF
signal can be possible with a properly adjusted timing of the ICCD camera (the gate opening and exposure
time). Two-dimensional distribution of NO molecules concentration in the discharge gap was measured using
the LIF technique. The time-resolved evolution of the laser induced streamers was visualized using the ICCD
camera with the proper timing adjustment. This resulted in determining the velocity of propagation of the
streamer (about 2.5%10° m/s) and the averaged diameters of the leader channel and leader streamers (200 um

and 100 um, respectively).

Introduction

Recently, non-thermal plasma processing has
been considered to be one of the most efficient
. methods for NOx removal (/). In order to improve
NOx removal performance and optimize the reactor
design, it is important to study the discharge-induced
plasma chemical reactions, causing NOx removal, in
the reactor. The laser diagnostic method including
the diagnostics based on Mie scattering, Rayleigh
scattering, Raman scattering, laser induced fluore-
scence (LIF) and particle imaging velocimetry (PIV)
is suitable and convenient for basic and applied stud-
ies of many transient or turbulent media, including
those in the electrical discharges employed in the
non-thermal plasma reactors for gaseous pollutant
abatement.

The potential of LIF method based on tunable
UV laser for diagnostics of transient discharges has
been already proved experimentally by Ershov and
Borysow (2), who investigated time transient density
of OH radicals in pulsed discharges. Using LIF
method Coogan and Sappey (3) have imaged the
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distribution of the OH radicals within the silent
discharge plasma reactor. Recently, Ono and Oda (4,
5) observed spatial and temporal distribution of OH
radicals in various kinds of pulsed discharges. While,
Hazama et al. (6), Roth and Gunderson (7), and
Tochikubo and Watanabe (8) have studied behavior
of NO molecules in a pulsed corona discharge by
LIF technique. Recently, Fresnet et al. (9) also using
LIF technique measured NO concentration after a
single-pulse discharge. The results obtained by these
authors concerned the NO behavior during the post-
discharge time interval in either the single transient
discharge or low-repetition pulsed discharges in the
electrode arrangements with gaps shorter than 1cm.

However, there is an interest in the in-situ LIF
measurements of various species, such as radicals
and molecules in DC corona discharges, which have
potential for efficient oxidation of NO molecules, e.g.
in a corona radical shower system (10).

The typical DC streamer corona discharge is a
train of streamers occurring almost regularly with a
relatively high repetition rate (about 4 kHz, Figure 1).
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Figure 1. Regular current pulses during the DC positive streamer
corona mode in air (applied voltage: 24 kV, time averaged
current: 0.16 mA, 0.2 ms/div., 20 mA/div.).

Therefore, the light emitted by these regular strea-
mers can interfere with the LIF measurements around
the discharging zone, because LIF signal is weaker
than the discharge emission.

Also streamers induced by the UV laser employ-
ed to generate the LIF signal may become a real
obstacle for the LIF measurements in the DC strea-
mer corona discharges. It is known that high power
laser pulses are capable of triggering discharges (/1).
We observed earlier (/2) that also laser pulses of
much lower power, typical of the LIF measurement,
induced corona streamers. Such streamers can make
the LIF measurement in the DC corona discharge
difficult or even impossible.

This work was aimed at experimental testing how
the laser induced streamer coronas can affect the LIF
measurements of NO concentration in a DC 3 cm-gap
positive corona discharge reactor employed for NO
oxidation.

Experimental Section

The usefulness of the LIF technique for the
monitoring of NO molecules in the high-repetition
DC corona discharge was tested employing an
experimental apparatus shown in Figure 2. This is a
typical setup based on a tunable UV laser, suitable for
the LIF monitoring of NO molecules in various
vibrational states. The DC corona discharge was
realized in open air.

For the monitoring of the NO molecules in the
ground state, NO (A’ X" (v' = 0) « XTI (v" = 0))
transition at 226 nm was used. The laser pulses from
a XeF excimer laser (Lambda Physik, Compex 150,
tuned at 351 nm) pumped a dye laser (Lambda
Physik, Scanmate) that generated a laser beam of a
wavelength tuned around 450 nm. A BBO crystal
pumped by the tuned dye laser beam produced the
second harmonic radiation of a wavelength corres-
pondingly tuned around 226 nm. The 226 nm laser
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Figure 2. Schematic diagram of the experimental apparatus.

beam pulses of energy up to 2 mJ and constant
duration of about 20 ns, transformed by lenses into a
1 mm-thick and 25 mm- height laser sheet passed
between the needle-to-plane electrode with a 30 mm
gap, in which NOx removal from polluted gas
occurred. Two-dimensional images of the corona
streamers and LIF signals from the discharging
region were recorded by a gated ICCD camera
(LaVision, Flame Star II) placed perpendicularly to
the laser sheet. A stainless-steel pipe with a nozzle
(1.0 mm in inner diameter, 1.5 mm in outer diameter)
was used as the needle electrode. The plane elec-
trode was a stainless-steel mesh plate (100 mm in
diameter). DC high voltage with positive polarity
was applied through a 10 MQ resistor to the needle
electrode. The operation in the streamer corona dis-
charge mode was established by adjusting both the
length of the nozzle part of the needle electrode and
the operating voltage.

The timing between the regular streamers, laser
pulse, LIF signal and induced streamer was investi-
gated. The streamer images and LIF signals were
monitored by the ICCD camera. While, the laser
pulses were monitored using a biplanar phototube
(Hamamatsu, R 1193U-55). The streamer current
pulses were measured using a current probe (Pearson
Electronics, Inc. Model 2878). The signals from the
biplanar phototube and current probe were recorded
by a digital oscilloscope (LeCroy, 9362).



The present LIF measurement system also enabl-
ed monitoring the NO molecules in the (XTI (v" = 2)
vibrational state using the NO (A’ (v' = 0) « X°II
(v" = 2)) transition at 248 nm. In this case, gene-
ration of the laser line at 248 nm was attainable from
the excimer laser setup only, after changing its work-
ing gas from XeF to KrF.

As a test gas, air polluted with NO was introduc-
ed into the discharging region through the nozzle
electrode, like an additional gas in the corona radical
shower reactor (/0). The gas flow rate was 0.2-1
L/min. The experiment was carried out at room
temperature under atmospheric pressure.

Results and Discussion

We found that every laser pulse of energy higher
than 0.8 mJ (or energy density of 3.2 mJ/ cm”) induc-
ed a streamer in the gap when the applied voltage
was higher than the onset voltage of the regular
streamer coronas (Figure 3). In the LIF measure-
ment, we used laser pulses having energies higher
than the threshold energy for inducing the streamers
in order to obtain an adequate LIF signal intensity.
Moreover, the streamer coronas were also induced at
the applied voltage that is lower 1-2 kV than the
onset voltage. Therefore, the light emitted by both
streamers, the regular and the induced by the laser
beam may coincide with the LIF signal and hinder
the LIF measurements, mainly because the intensity
of the light emitted by the streamers is much stronger
than that of the LIF.

The current peaks of the laser induced streamers
were found to be lower by about 50 % on average
than those of the regular streamers. This is likely a
result of lowered applied voltage on the stressed
electrode in the time interval between two regular
streamers, in which the induced streamer occurs. We
did not observe any essential differences in the
appearances of both regular and induced streamers.
However, the laser induced streamers are remarkably
alike in appearance.

Figure 4 shows the typical time relationship
between the regular streamer coronas, laser pulse,
LIF signal and laser induced streamer. The typical
time interval between the regular streamers is equal
to about 250 ps. Their duration is about 350 ns.
Therefore, the probability of coincidence of the
regular streamers and a laser pulse having duration of
about 20 ns, although much higher than in the pulsed
coronas used in the previous investigations (6-9), is
very low, and in this aspect the regular streamers
represent no obstacle for the LIF measurements in the
DC corona discharge. On the other hand, the laser
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Figure 3. Time relationship between the laser sheet pulse (A =

226 nm) and induced streamer in air (applied voltage: 25 kV, 200
ns/div, 20 mA/div.).
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Figure 4. Timing between the regular streamers, laser sheet
pulse (A =226 nm), LIF signal and laser induced streamer when a
laser pulse is shot between the regular streamers. The ICCD
gating for the independent measuring of the LIF signal and the
induced streamer emission (ISE) is also illustrated.

induced streamers may essentially interfere with the
LIF measurements in the DC corona discharges. The
LIF signal appears almost immediately after the laser
pulse and lasts over about 30 ns. About 5 ns after the
LIF signal, the induced corona streamer appears and
it lasts about 350-500 ns. Therefore, due to this 5 ns
interval there is no overlapping of the LIF signal and
the light emitted by the induced streamer. If the
monitoring of the LIF signal lasts longer than about
35 ns, the LIF signal and the light emitted by the
induced streamer are recorded as simultaneous sig-
nals, and the LIF measurement becomes doubtful.
However, the undisturbed detection of the LIF signal
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can be possible with the properly adjusted timing of a
fast-gated ICCD camera (the gate should be opened
just after the laser pulse and the exposure time should
be equal to the duration of the LIF signal, i.e. about
30 ns). Also, as seen from Figure 4, the separate
monitoring of the induced corona streamer with the
ICCD camera is possible, if appropriate adjusting the
recording delay and exposure time of the ICCD
camera is set.

Figure 5 shows an example of the two-
dimensional LIF image of NO concentration in the
flow of NO (200 ppm)/air mixture injected through
the nozzle electrode into the discharging region,
obtained with an ICCD camera exposure time of 100
ns. This relatively short exposure time prevented the
LIF signal to be recorded together with the light
emitted by the laser induced streamer. However, if
the exposure time was longer, the ICCD camera
recorded both the NO LIF signal and the light emitted
by the induced streamer corona (Figure 6, ICCD
exposure time: 200 ns). The overlapping of both
signals, very clearly seen just below the nozzle
electrode in Figure 6 makes interpretation of the
image obtained very difficult.

The proper timing adjustment of the ICCD
camera enabled observing the time-resolved evolu-
tion of the laser induced streamers. Different stages
of the propagation of the streamer, induced by a laser
pulse (A = 226 nm) having a low energy density of 8
mJ/cm®, from the needle electrode to the plate
electrode are presented in Figure 7. Each image is a
result of the accumulation of 30 images of the
individual streamers, observed by the ICCD camera
with fixed exposure time at 20 ns for different delay
times between the streamer onset and the opening of
the ICCD camera gate.

' Figure 8 shows the time evolution of the
streamers in air, induced by a KrF laser sheet pulse
(A =248 nm). The energy density of the laser pulse
was about 1.2 J/em?, i.e. it was much higher that that
when the laser line A = 226 nm was used (Figure 7).
Differently to the case shown in Figure 7, each image
was taken by changing the ICCD camera exposure
time. Like in Figure 7, each image actually presents a
different streamer. However, as we mentioned above,
the laser induced streamers are alike in appearance.
It seems that the laser sheet pulse forms an ionization
sheet between the electrodes, which is a kind of guide
for the induced streamer, affecting the trajectory of
its propagation. This may be a reason of similar
appearance of the laser induced streamers. Similar
behaviour of laser induced streamers was studied in a
DC glow corona with much intense laser beam (13).
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Figure 5. LIF image of NO molecules injected through the
nozzle electrode into the discharging region. Laser beam wave-
length: 226.19 nm, exposure time of the ICCD camera: 100 ns,
working gas: NO (200 ppm)/air, flow rate: 1 L/min, applied
voltage: 25 kV, time averaged current: 0.2 mA. NO concentra-
tion corresponds to colors in the color bar (in arb. units).
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Figure 6. Simultaneous recording of NO LIF signal and light
emitted by the laser induced streamer. Laser beam wavelength:
226.19 nm, exposure time of the ICCD camera: 200 ns, working
gas: NO (200 ppm)/air, flow rate: 1 L/min, applied voltage: 25
kV. NO concentration corresponds to colors in the color bar (in
arb. units).

The velocity of propagation of the streamer,
estimated from the time evolution of the streamer
shown in Figures 7 and 8 is about 2.5%10° m/s. This
result is in agreement with our previous results
obtained using a photo-multiplier tube (/4). The
averaged diameters of the leader channel and leader
streamers measured on the recorded images were 200
um and 100 zm, respectively. These values are close
to those of 150-300 zm reported in the reference (15).
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Figure 7. Time evolution of the positive streamer induced by a
single laser pulse at A = 226 nm in air. Each image is an
accumulation of 30 individual streamers. Laser pulse energy
density: 8 mJ/cm?, exposure time of the ICCD camera: 20 ns,
applied voltage: 23 kV.

When KrF laser pulses were shot into the dis-
charge gap, through which NO (1000 ppm)/air mix-
ture flowed, no NO LIF signal was detected. This is
comprehensible because the gas had room tempera-
ture and the population of the NO molecules in the
X°IT (v" = 2) state was very low.

Conclusions

The experimental testing how the laser induced
streamer coronas can affect the LIF measurements of
NO concentration in the DC 3 cm-gap positive coro-
na discharge employed for NO oxidation was carried
out. The results are summarized as follows:

(1) Streamer coronas are induced in the discharge
gap by the UV laser pulses, which are shot there
for LIF measurement. The light emitted by the
laser induced streamer may interfere with the LIF
measurement since they occur even at the applied
voltage lower than the corona onset.
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Figure 8. Images of the positive streamer induced by a single
KrF laser pulse (A = 248 nm) for various exposure times of the
ICCD camera. Laser pulse energy density: 1.2 J/cm?, applied
voltage: 25 kV.

(2) Occurrence timing between the regular streamer
coronas, laser pulse, LIF signal and laser induced
streamer was determined. It was found that the
LIF signal appears almost immediately after the
laser pulse and lasts over about 30 ns, while the
induced corona streamer starts about 5 ns after
the LIF signal and lasts about 350-500 ns.

(3) Due to the 5 ns interval between the LIF signal
and the laser induced streamer the undisturbed
detection of the LIF signal can be possible with
properly adjusted timing of the ICCD camera
(the gate opening and exposure time).

(4) Two-dimensional distribution of NO molecules
concentration in the discharge gap was measured
using LIF technique.

(5) The time-resolved evolution of the laser induced
streamers was visualized using the ICCD camera.
This resulted in the determining of the velocity of
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