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All kinds of electrical excitations: DC, AC, RF, MW, continuous or pulsed

Rare gases (with or without admixtures: O2, N2, H2O2,…) but also pure N2 or Air

Unlimited terminology: APPJ, Plasma Plume, Plasma Pencil, Plasma Gun, Plasma Torch,…

Discharge operated in a non-sealed electrode arrangement
plasma « expansion » outside the discharge region

either through high gas flow or determined by the electric field

Plasma or afterglow (effluent) delivery on targets

PLASMA JETS
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PLASMA JETS

Almost all well-known “old atmospheric 
pressure discharges” have been coined / 
called more recently as plasma jets!
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PLASMA JETS
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Coaxial DBD
Applied voltage (pulsed) : 3–40 kV (100ns–10μs)

(typically 6 kV, 500 ns)
Frequency : 1–50 kHz (typically 20 kHz)

Gas : He, Ar, with or without O2/N2/H2O
Gas flow : 50 to 5000 sccm

MICROPLASMA JET
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The plasma jet is not continuous; it is rather a streamer guided by the gas channel

The velocity of the “guided streamer” is of several hundreds km/s

Stable at atmospheric pressure
Low gas temperature ≈ 300-350 K

MICROPLASMA JET
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Possible use for endoscopic treatments

Photo LPGPPhoto LPGP

ENDOSCOPIC TREATMENTS
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INTRODUCTION
Cold atmospheric pressure plasma jets (CAPPJ) : Biomedicine Decontamination 

Material processing Analytical chemistry 

Depollution

fast desorption of weakly volatile organic compounds 
deposited on glass substrates

K Gazeli et al. 2020 J. Phys. D: Appl. Phys. 53 475202 H Nizard et al. 2015 J. Phys. D: Appl. Phys. 48 415204

Influence of discharge and jet flow coupling on 
atmospheric pressure plasma homogeneity

Reactive species production and surface interaction are strongly influenced by the mixing with ambient air 
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Flow modification: more studies on helium CAPPJ than on argon CAPPJ 

Morabit et al. Plasma Process Polym. 2020;17:e1900217
Zhang et al. J. Phys. D: Appl. Phys. 48 (2015) 015203

Argon jets : Only RF and microwave

Significant gas heating due to plasma power 

Helium jets: DC pulsed and AC 

gas heating is negligible 
flow velocity increase is negligible 
ionic wind is negligible 

In the plasma plume 

INTRODUCTION
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Helium CAPPJ with one High Voltage (HV) pulse application 
Appl. Phys. Lett. 111, 114101 (2017) 
Lietz, Johnsen, and Kushner

Ionization wave ignition at the inner HV electrode 
inside the capillary  
Local ultra-fast gas heating
Pressure increases by a factor 2 

Pressure wave excites the highly unstable helium 
shear layer 

Up to now, no comparable studies with argon CAPPJ powered by DC pulses

INTRODUCTION
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image acquisition by CCD and ICCD

two synchronized generator delays 
high voltage pulse sequences in burst mode Flow rate range : 800 sccm to 400 sccm (100 sccm step)  

EXPERIMENTAL SETUP
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For each burst event Delay of the first High Voltage (HV) pulse

Number of HV pulses

Pulse repetition frequency (PRF)

The burst cycle is repeated 20 times with a 2 Hz frequency

For each conditions: 20 schlieren images and 20 ICCD images 

EXPERIMENTAL SETUP
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Schlieren images
(int: 1.446 ms)

Turbulent transition point : 23. 𝟕 ± 𝟏. 𝟔 𝒎𝒎

800 sccm flow rate 

Plasma OFF

25 mm
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Single HV shot

Ionization wave (IW) propagation velocity : ~105 m/s

Mean flow velocity : 11.8 m/s    (Re=1241)

Schlieren images
(int: 1.446 ms)

Turbulent transition point : 23. 𝟕 ± 𝟏. 𝟔 𝒎𝒎

On the timescale of IW propagation, the flow is static 

ICCD images
(int: 500 ns)

numerical 
accumulation

Single HV shot 

800 sccm flow rate 

Plasma plume length : 25. 𝟔 ± 𝟐. 𝟐 𝒎𝒎

Plasma OFF

During 500 ns : fluid particles have only 
propagated on 6 µm 

25 mm

25 mm
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Static flow during IW propagation

IW propagates inside the argon potential core 
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First HV shot Second HV shot

Δt= x ms
(time delay between the two HV shots)

A second IW can be used to probe the flow structure any time after the first HV pulse application 

ICCD gate 

25
 m

m

Double HV shots technique  
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Double HV shots
Δt = 0.90ms
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Double HV shots
Δt = 0.90ms Δt= 1.00ms



Online Low Temperature Plasma (OLTP) Seminar – February 21st, 2023 – João SANTOS SOUSA, LPGP, CNRS, Univ. Paris-Saclay, France 20

Double HV shots
Δt = 0.90ms Δt= 1.00ms Δt = 1.15msΔt = 1.08ms Δt = 1.35msΔt = 1.25ms

ripple with brightest plasma emission 
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Double HV shots
Δt= 1.00msΔt = 0.90ms Δt = 1.15msΔt = 1.08ms Δt = 1.35ms Δt = 1.45msΔt = 1.25ms

Breakdown of the argon potential core  :

(at least 1 IW stopped in the series of 20)

ripple with brightest plasma emission 

ripple ignition and growth

not visible by using schlieren imaging

Very beginning of the flow breakdown :

Prior to the flow breakdown 

1.40 ms
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Double HV shots

Time to recover the full-length 
plasma plume

Time to evacuate the flow perturbation 

Δt (ms) Bright plasma 
plume tip 

position (mm)

Flow 
perturbation 
drift velocity 

(m/s)
1.70 11.6 12.7
2.50 18.0 8.0
2.90 20.1 5.3
3.50 22.3 3.7
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Double HV shots

The IW propagation has no effect
on the flow structure

Mean flow velocity : 11,6 m/s

Perturbation generated at the inner HV tip  

11.6 𝑚𝑚+ 10𝑚𝑚
1.70𝑚𝑠 = 12.7 𝑚/𝑠

IW ignition at the inner HV electrode:

ultra fast heating
pressure increase
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Single HV shot
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One ionization wave ignition is enough to break the laminar flow 

Single HV shot

Accumulation of perturbations could be expected when multiple HV shots are applied in the kHz regime
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For a 800 sccm flow rate : 6.50 ms to evacuate the perturbation 

Accumulation of perturbations could be expected when multiple HV shots are applied in the kHz regime

1 kHz 4.5 kHz2.5 kHz 6 khz 10 khz

From 1 to 4.5 kHz : development of radial splitting of the jet 

6 kHz : “closing” of the jet 

10 kHz : straight flow

Fixed: Δt=3.0 ms

10 mm
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Multiple HV shots

0.5 kHz to 6.0 kHz :  ripple alternation in a 3D helical-like arrangement
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Multiple HV shots

0.5 kHz to 6.0 kHz :  ripple alternation in a 3D helical-like arrangement

6 kHz to 20 kHz :  Straight plasma plumes
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Multiple HV shots

It cannot only be explained by the effect of the accumulation of multiple perturbations 
inside the gas flow

PRF range of 3D helical-like plasma plumes depends on the flow rate 

Radial splitting of the jet Beyond transition PRFPrecise PRF range

helical-like arrangement of plasma 
plumes 

straight flow and plasma plumes 
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Mechanism of flow perturbation: Backward-Facing step forced flow 

All flow regions are strongly coupled 

Large variety of periodic modes and of large-scale coherent vortex structures (driven by Re)

Extensively studied in fluid mechanics since the 60’s  
(detached-reattached flows)   

Unsteady, absolutely unstable and 3D…
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Mechanism of flow perturbation: Backward-Facing step forced flow 

Unsteady, absolutely unstable and 3D…

All flow regions are strongly coupled 

« beat » between the periodic pressure increase at each IW ignition (driven by PRF)  
and the flow frequency (driven by Re)   

Large variety of periodic modes and of large-scale coherent vortex structures (driven by Re)

Analog to a forced BFS flow with surface DBD plasma actuator

Extensively studied in fluid mechanics since the 60’s  
(detached-reattached flows)   
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Conclusion
Study of the argon flow modification in a ns argon CAPPJ Time-resolved schlieren and ICCD imaging 

Periodic forced flow through the repetitive pressure increase at each IW ignition

With the double HV shots, the second IW can be used as a probe, to instantly visualize 
the flow structure any time after the application of the first HV pulse

Application of a single HV pulse (single HV shot) to a 
series of HV pulses at several PRF (multiple HV shots)

Only one HV shot is enough to disturb the flow and the plasma plume expansion 

It could be easily generalized to other DC pulsed CAPPJ devices, depending on which instabilities modes are 
accessible to the flow and to which frequencies the flow instability is sensitive

Flow control mechanism 

multiple HV shots :
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Thibault Darny et al. 2021 Plasma Sources Sci. Technol. 30 105021
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Surface analysis by plasma assisted 
mass spectrometry

Kristaq GAZELI, Et-Touhami ES-SEBBAR, Thomas VAZQUEZ, Sara AL-HOMSI, Xavier 
DAMANY, Gérard BAUVILLE, Michel FLEURY, Pascal JEANNEY, Olivier NEVEU, Blandine 
BOURNOVILLE, Nicole BLIN-SIMIAND, Stéphane PASQUIERS and João SANTOS SOUSA

Laboratoire de Physique des Gaz et des Plasmas (LPGP)
CNRS & Université Paris-Saclay

Orsay, France
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The European Physical Journal Applied Physics

Fig. 1. Time evolution of the current (total current: blue
dashed line, displacement current: black dotted line) and the
voltage (red solid line) for an applied HV pulse of 6.0 kV at
20 kHz. Arrows A, B, C, please refer to the text.

spectral range 220–900 nm). The optical axis of the
camera is placed perpendicular to the axis of the
capillary tube.

An example of an electrical recording is given in
Figure 1, for a peak value of the applied voltage to the
DBD of 6.0 kV at a repetition rate of 20 kHz, and for an
argon flow rate of 0.7 L/min NTP. For the electrical para-
meters used in the measurements discussed in the present
article (6 kV, 20 kHz), the HV pulse duration is 215 ns
(FWHM) and the electrical energy deposited in the dis-
charge is about 20 µJ/pulse. The moment of the discharge
breakdown is marked by the arrow “A” in Figure 1. The
measured current before this instant is due to the circuit
capacitance (2.3 pF). The displacement current (without
discharge) is represented by the black dotted line.

The desorption of molecules by plasma jet may concern
the detection of prohibited substances such as narcotics or
explosives [17]. Many of these substances contain aromatic
rings. We have studied the effect of our plasma jet on
the desorption of 1,2-diphenylethane also called bibenzyl,
(C6H5-CH2)2, because this aromatic chemical compound
can be regarded as a model molecule due to the presence
of two phenyl groups. Bibenzyl is dissolved in methanol
in order to obtain solutions with known concentrations.
A precise number of drops of one of these solutions are
deposited on glass plates by means of a syringe controlled
by a pump, allowing reproducible deposits. Methanol is
then evaporated and a deposit of a solid bibenzyl is
obtained in a controlled amount. The distribution of the
deposit on the surface is more homogeneous when a drop

of a highly concentrated solution is used. Thus, we chose to
work with one drop of a solution of bibenzyl at 5000 ppm
in methanol, producing a 250 µg of solid deposit of
bibenzyl.

The visible effect of the plasma on the deposit is mea-
sured using a binocular magnifying-glass. Additionally,
samples are extracted from the gas phase during plasma
treatment using Tenax! tubes containing a resin to
absorb and concentrate the molecules. One end of the
tube is directed towards the deposit with an angle of
45◦ whereas the other is connected to a pump. This sys-
tem allows trapping molecules desorbed by the plasma
during the whole treatment. These samples are then
injected by means of a thermo desorber (Alyxan) in a
chromatograph and analyzed by GC MS (Varian Saturn
2000 – columnWCOT ulti-metal 25 m × 0.25 mm, coating
CP SIL PAH – CB).

In Table 1 are given the range of values used for the
four experimental parameters considered in this work.

The individual role of each parameter has been stud-
ied keeping all others constant. The data discussed in the
following are representative examples of the experimental
results that have been obtained.

3 Free propagation of the argon
jet (no obstacle)

In Figure 1, the arrow “B” indicates the moment when a
streamer begins to propagate outside the capillary tube.
With no obstacle on the path of the argon jet, streamers
are able to propagate up to a maximum distance of 30 mm
from the nozzle for a gas flow rate of 0.7 L/min NTP, as
it can be seen in Figure 2, in which four ICCD camera
recordings for an exposure time of 200 ns are displayed.
Each image corresponds to a single HV pulse, and the
measurement of the plasma emission captured the whole
propagation length of the streamers. The quartz tube is
located at the top of images (marked in white). Whatever
the parameters values (gas flow rate, applied voltage, pulse
repetition frequency), the plasma outside the tube appears
filamentary with some branching phenomena.

Figure 3 shows a camera recording at the instant
marked by the arrow “C” in Figure 1, taken with an expo-
sure time of 20 ns but accumulated over 10 successive HV
pulses, giving details about how the plasma propagates
in the thin channel of argon gas. A group of very intense
streamer heads can be seen at 17.5 mm from the tube
nozzle, while very small emission intensity is detected
behind them, up to the capillary tube. The 10 streamers
heads are distributed over a maximum distance of 4.5 mm.

Table 1. Range of the experimental parameters used in this work.

Gas flow rate 0.25 up to 1.0 L/mn NTP
Distance between nozzle and glass plate 5 mm up to 15 mm

Angle between the tube axis and the glass plate 25◦, 45◦, 90◦

Duration of the interaction between the plasma and the bibenzyl deposit 10 up to 60 s

24713-p2

Nanosecond pulsed argon plasma jet reactor

(99.999%, AlphaGaz™ 1 from Air Liquide). The argon flow rate
(Q) was precisely adjusted up to 1100 sccm using a thermal mass
flow controller (GF40-SA46 from Brooks Instrument).

The DBD-MPJ was driven using a high-voltage positive pulse
produced by a homemade power supply, with a maximum ampli-
tude of 7.0 kV and a repetition frequency fixed to 20 kHz. The
FWHM of the pulse was 230 ns at 6.0 kV (plasma ON). Time
evolutions of the voltage and the discharge current were deter-
mined using adapted probes (PMK-14KVAC from Lecroy,
Current Transformer CT-B5.0 from Magnelab). The obtained
signals were recorded with a 600 MHz bandwidth digital oscillo-
scope (Lecroy Xi-64).

In order to measure the spatiotemporal distribution of Ar(1s5)
along the longitudinal axis (z-axis) of the plasma jet as well as
perpendicularly to this axis [i.e., horizontally, y-axis, see Figs. 1(b)
and 1(c)], the DBD structure was mounted on two stepper-motor
micrometer platinum electrodes; the origin z = 0 is located on the
nozzle of the dielectric tube.

B. Fast imaging analysis

The spatiotemporal evolution of the plasma emission in the (z,y)
plane was investigated using an ICCD camera (Princeton Instrument
PIMAX-3) equipped with a UV-macro lens (EADS Sodern
CERCO2178 F/2.8, spectral range 220–900 nm). The optical axis of
the camera was placed perpendicular to the (z,y) plane. Fast imaging
analysis allowed the determination of the length of the plasma jet
(i.e., the maximum propagation distance of the streamers) as a func-
tion of the applied voltage and the argon flow rate and gave an
insight into the spatial distribution of the deposited electrical energy.

C. Laser diagnostics

The experimental setup for laser absorption measurements
is almost the same as the one used in previously published works
on He plasma jets.38,39 The laser source here was a DFB diode
(commercial diode laser system Toptica DL 100 DFB-L). The laser
beam is divided into three parts using beam splitters [see Fig. 1(b)].

FIG. 1. Experimental setup. (a) Argon DBD-MPJ reactor,
(b) laser diagnostic arrangement to measure Ar(1s5)
metastable state densities, and (c) a simple scheme for
the determination of the optical path length (L) at a
certain position yM along the y-axis.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 073302 (2019); doi: 10.1063/1.5096407 126, 073302-3

Published under license by AIP Publishing.

Eur. Phys. J. Appl. Phys. (2016) 75: 24713
Plasma Sources Sci. Technol. 27 (2018) 065003
Plasma Process Polym. 2018; e1800080
J. Appl. Phys. 126, 073302 (2019)
J. Phys. D: Appl. Phys. 53 (2020) 475202
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X. Damany et al.: Argon plasma jet and desorption of organic molecules from surfaces

Fig. 2. Plasma emission captured by ICCD camera for an
exposure time of 200 ns and for single HV pulses. Experimental
parameters: 6 kV, 20 kHz, 0.7 L/min NTP, free argon jet.

Fig. 3. Plasma emission captured by ICCD camera for an
exposure time of 20 ns, and accumulated over 10 successive HV
pulses. Same experimental parameters as those of Figure 2.

For the experimental conditions of Figures 1–3, a rough
estimate of the propagation velocity of the streamers head
was performed at four different instants, see Table 2.

The values of the velocity of the streamers head given
in Table 2 corresponds to a mean instant velocity deter-
mined over 100 successive HV pulses, by considering the
position of the maximum emission of the plasma (believed
to be the mean position of 100 streamer heads, taken with
an exposure time of 20 ns) between two time values sepa-
rated by 40 ns for the first three velocities and 60 ns for the
last. It appears that velocity of the streamers head slightly
decreases during the propagation in the argon gas chan-
nel, up to 25 mm from the nozzle; for a higher distance it
rapidly drops to zero at 30 mm. Such a phenomenon was
also observed for other flow rates but no systematic pre-
cise measurement was performed during the present study.
The data provided here are just indicative for 0.7 L/min
NTP.

Table 2. Mean propagation velocity of the plasma in the argon
jet for the experimental conditions of Figures 1–3.

Time after Mean distance of the Estimated mean
discharge peak streamers head from instant
current (ns) the nozzle (mm) velocity (m/s)

80 3 –
120 11 2.0 × 105

160 17.5 1.6 × 105

200 23 1.4 × 105

260 26.5 0.6 × 105

4 Physical effects of an ungrounded glass
plate

4.1 Glass plate placed perpendicularly to the axis
of propagation of the argon jet

When a glass plate (1 mm thick, ungrounded) is placed
perpendicularly to the trajectory of the argon jet, the
streamer impacts the surface and the plasma spreads over
it. For a distance separating the plate from the nozzle,
dNP, longer than 10 mm, the discharge characteristics are
similar to those measured for the free jet, including the
occurrence of branching phenomena, except for the devel-
opment of a plasma on the surface.

If dNP is shorter than 10 mm, with all other things
being equal, the spatial distribution of the plasma appears
more homogeneous in the small gaseous gap, as branch-
ing phenomenon disappears. This effect is illustrated in
Figure 4, showing camera recordings for a dNP of 5 mm, at
two different times: first, cases a1/(integrated over 10 HV
pulses) and a2/(one HV pulse), when the streamer has
just reached the surface, and second, case b/(10 pulses),
40 ns after cases a1/ and a2/.

For the case a1/ of Figure 4, it is found that a dark
space is established just at the exit of the capillary tube
over a distance of about 2 mm from the nozzle; a plasma
emission is detected at its boundaries. However the emis-
sion appears more homogeneous at a closest distance to
the plate, i.e., from 2.5 mm up to 5 mm. Although the
detected emission intensity is lower in case a2/ compared
to a1/, because the acquired image corresponds to a single
HV-pulse (vs. 10 HV-pulses), it confirms the diffuse char-
acter of the plasma created in the argon gas when a glass
plate is placed perpendicularly to the axis of propagation
of the argon jet at dNP shorter than 10 mm.

The surface plasma appears circular to the eye. For
the chosen experimental parameters, the diameter of this
plasma reaches about five times the internal diameter of
the capillary tube. From the measurements shown in
Figure 4, a1/ and b/, the estimated propagation veloc-
ity of the plasma on the dielectric surface is of the order
of 8 to 9× 104 m/s, i.e., slightly lower than the streamers
velocity in the free jet of argon gas (cf. Tab. 2).

ICCD measurements also reveal that the plasma emis-
sion is much more intense at the surface than in the gas
volume separating the nozzle and the surface, though less
homogeneous. A plasma emission is still measured well

24713-p3

Eur. Phys. J. Appl. Phys.
(2016) 75: 24713

Nanosecond pulsed argon plasma jet: fast imaging

spectroscopy, and it is derived from the times corresponding to
10% of the maximum of absorption (see Sec. III F 2).

The current plotted in Fig. 2 represents only the discharge
current, Id (i.e., the conductive current), and does not contain the con-
tribution of the capacitive current, Ic (i.e., the displacement current);
the latter is already subtracted from the total current measured in the
oscilloscope. In our case, resistances and inductions were negligible,
and the circuit capacitance was measured to be of 2.2 pF. The measured
peak value of the discharge current is on the order of 0.2 A, and the
energy deposited in the discharge is on the order of 18 μJ/pulse.

B. Plasma propagation into the surrounding atmosphere

The length of the argon plasma jet (MPJ) depends on the
operating conditions, increasing slightly with increasing applied

voltage (i.e., energy dissipated in the gas) and also the argon flow
rate (from 200 up to 700 sccm). The maximum length measured
was of 30 mm for 700–750 sccm and 6.0 kV, reaching about 220 ns
after the peak of the discharge current. For a flow rate above 750
sccm, the length of the plasma jet decreases due to the occurrence
of turbulent phenomena, but it remains higher than 15 mm even at
1500 sccm.

For an applied voltage of 6.0 kV and an argon flow rate of
750 sccm, Fig. 3 shows examples of images of the plasma jet acquired
by the ICCD camera at different times after the peak current, tapc,
which corresponds to the time of the gate opening front. Each image
results from the acquisition of the total emission of the plasma
in the range of 220–900 nm (no wavelength filtering) for one HV
pulse (no accumulation of measurements). Also, the exposure time

FIG. 3. Light emission from the DBD-MPJ captured by
an ICCD camera, over only one single HV pulse. The
applied voltage is 6.0 kV and the Ar flow rate is 750 sccm.
Images (a), (a1), (a2), and (a3) were acquired 93 ns,
123 ns, 153 ns, and 173 ns after the peak of the dis-
charge current, respectively, for an exposure time of 5 ns.
A transition zone is highlighted with a rectangular box in
(a1)–(a3). In (a3), two distinct streamer’s heads (SH) are
identified. In (b) (20 ns of exposure time and 153 ns after
the peak current), SP denotes the spatial distribution of
the streamers propagation over 20 ns. In (c) (10 ns of
exposure time and 221 ns after the peak current), the
position of one streamer’s head (SH) at maximum propa-
gation is pointed out.
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peak value of the discharge current is on the order of 0.2 A, and the
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voltage (i.e., energy dissipated in the gas) and also the argon flow
rate (from 200 up to 700 sccm). The maximum length measured
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after the peak of the discharge current. For a flow rate above 750
sccm, the length of the plasma jet decreases due to the occurrence
of turbulent phenomena, but it remains higher than 15 mm even at
1500 sccm.

For an applied voltage of 6.0 kV and an argon flow rate of
750 sccm, Fig. 3 shows examples of images of the plasma jet acquired
by the ICCD camera at different times after the peak current, tapc,
which corresponds to the time of the gate opening front. Each image
results from the acquisition of the total emission of the plasma
in the range of 220–900 nm (no wavelength filtering) for one HV
pulse (no accumulation of measurements). Also, the exposure time
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Fig. 4. Plasma emission captured by ICCD camera for an exposure time of 20 ns. Distance from nozzle to plate: 5 mm. Cases
a1/, a2/, and b/: please refer to the text. Same experimental parameters as those of Figure 2.

after the discharge breakdown, both on the surface and
in the gas volume. This emission should be related to the
long lifetime of Ar electronic metastable states created by
the plasma [18], these states being lost through quenching
by molecules of the surrounding gases (N2, O2, H2O).

4.2 Role of the angle between the axis of the argon jet
and the glass plate

An important parameter in the present study is the angle
between the argon jet axis and the glass plate. Examples
of ICCD measurements are given in Figure 5, when the
nozzle is placed at 5 mm from the plate, and the angle
is 25◦; this condition was chosen for the experiment illus-
trated by Figure 9 in Section 5.2. The gas flow rate was
set to 0.25 L/min NTP (top image) or 1.0 L/min NTP
(bottom image). For both images, the plasma emission
was captured during 250 ns, i.e., during the full propaga-
tion time of the streamers, and accumulated over 10 HV
pulses.

For the lowest gas flow rate value studied, 0.25 L/mn
NTP, the plasma connects to the plate at different loca-
tions upstream of the intersection point between the axis
of the capillary tube and the surface. The plasma devel-
ops at the surface below the main discharge propagating
in the gas phase. However, when the gas flow rate is pro-
gressively increased up to 1.0 L/mn NTP, less and less
streamers develop perpendicularly to the argon jet axis
(there are less and less upstream plasma connections with
the plate) and the surface plasma becomes mainly located
downstream of the intersection point.

Time-resolved measurements of the plasma emission
have been performed in order to describe more precisely
the interaction of the plasma with the glass plate. Exam-
ples of results are shown in Figure 6, for a nozzle placed
at 5.5 mm above the plate, for an angle of 45◦, and for
a gas flow rate of 0.25 L/min NTP (here the dNP value
is slightly higher by only 0.5 mm than for Figure 5; it
corresponds to the condition chosen for the experiment
illustrated by Figure 8 in Section 5.2; note that the
results obtained were at least qualitatively similar in the
whole range of values of dNP studied, and for both angles
25◦ and 45◦).

For the whole set of images, the plasma emission was
captured during only 3 ns, but accumulated over 100 HV
pulses. The time indicated on each image corresponds to

Fig. 5. Plasma emission captured by ICCD camera for an
exposure time of 250 ns and accumulated over 10 successive
HV pulses. Distance from nozzle to plate: 5 mm. Angle between
the glass surface and the tube axis: 25◦. Discharge parameters:
6 kV, 20 kHz. The argon flow rate values are given in the
pictures.

the delay with respect to the instant at which the stream-
ers begin to propagate outside the capillary tube (indi-
cated by the arrow “B” in Fig. 1). The end of the tube is
located in the upper left corner of the images. Intensities
were normalized to the maximum value detected at each
time, and are therefore not comparable between the dif-
ferent images. The first image, image A at 24 ns, shows
that streamers initially propagate following the tube axis.
The middle of the elongated reddish area corresponding
to the maximum intensity (indicated by the arrow “a”
in the image) is located at 2.7 mm from the nozzle; this
area corresponds to the major location of the streamers
heads for the selected 100 discharges. Six ns later, image
B at 30 ns, the streamers are distributed over a wider
area, with a symmetrical plasma emission in the argon jet
along the tube axis. The maximum distance of propaga-
tion of the streamers from the end of the capillary tube
is approximately 5.6 mm. Another 6 ns later, image C at
36 ns, streamers deviate towards the glass surface from
their main propagation path, and some of them reach
already the glass surface (indicated by arrow “b” in the
image). After, image D at 42 ns, the plasma extends over
the surface, in both directions from the main intercept
point of the streamers with the glass; a parasitic reflected
light is detected underneath. Nine ns later, image E at
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(a)

(c)

(e)

(b)

(d)

(f)

Fig. 6. Plasma emission captured by ICCD camera for an exposure time of 3 ns and accumulated over 100 successive HV
pulses. Distance from nozzle to plate: 5.5 mm. Angle between the glass surface and the tube axis: 45◦. Discharge parameters:
6 kV, 20 kHz. Argon flow rate: 0.25 L/min NTP. Time scale and arrows denoted “a”, “b”, “c”, “d”: please refer to text.

51 ns, the extension of the surface plasma in the observa-
tion plane symmetrically increases up to a width of about
3.2 mm; it is probable that part of the high intensity emis-
sion points on the surface correspond to the propagation
of streamer heads in the direction of observation. At this
time, a very low intensity area (indicated by arrow “c”
in the image) can be seen between the plasma column
created in the argon jet and the surface plasma. The last
image, image F at 99 ns, shows that, 100 ns after the
beginning of the streamers propagation outside the cap-
illary tube, the plasma has spread downstream of the
intersection point between the tube axis and the plate
for about 3 mm (contrary to the plasma behaviour seen
for an angle of 25◦ and the same gas flow rate – see top
image in Fig. 5 – at this experimental conditions the dis-
tance traveled by the plasma surface is much shorter).
On the surface, the width of the high intensity emission,
2.8 mm, is slightly lower than the width of the emission
seen some 50 ns before on image E. It should be pointed
out that a much less intense emission is now detected
upstream, which could be due to streamers propagating
from the plasma volume in the gas and impacting the

surface, like those seen in Figure 5 (top image) for an angle
of 25◦, or could be due to some surface streamers coming
from the intercept point mentioned above. The maximum
intensity of the plasma emission in the gas phase, at a
distance around 4.2 mm from the nozzle (indicated by
arrow “d” in the image), is similar to the maximum inten-
sity at the surface. However, a very low intensity (almost
dark) area separates the intense plasma emission in the gas
and the plasma on the surface. Images E and F highlight
that a surface discharge, probably streamers, propagates
while a plasma is maintained separately in the argon jet.
We noticed also that this phenomenon becomes less
important when the gas flow rate is increased up to
1 L/mn NTP, the dark area seen in images E and F
disappearing almost completely for the highest flow rate
studied.

5 Desorption of bibenzyl molecules

The results presented in the previous section are of great
interest for the application of this argon plasma jet in the
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Fig. 4. Plasma emission captured by ICCD camera for an exposure time of 20 ns. Distance from nozzle to plate: 5 mm. Cases
a1/, a2/, and b/: please refer to the text. Same experimental parameters as those of Figure 2.

after the discharge breakdown, both on the surface and
in the gas volume. This emission should be related to the
long lifetime of Ar electronic metastable states created by
the plasma [18], these states being lost through quenching
by molecules of the surrounding gases (N2, O2, H2O).

4.2 Role of the angle between the axis of the argon jet
and the glass plate

An important parameter in the present study is the angle
between the argon jet axis and the glass plate. Examples
of ICCD measurements are given in Figure 5, when the
nozzle is placed at 5 mm from the plate, and the angle
is 25◦; this condition was chosen for the experiment illus-
trated by Figure 9 in Section 5.2. The gas flow rate was
set to 0.25 L/min NTP (top image) or 1.0 L/min NTP
(bottom image). For both images, the plasma emission
was captured during 250 ns, i.e., during the full propaga-
tion time of the streamers, and accumulated over 10 HV
pulses.

For the lowest gas flow rate value studied, 0.25 L/mn
NTP, the plasma connects to the plate at different loca-
tions upstream of the intersection point between the axis
of the capillary tube and the surface. The plasma devel-
ops at the surface below the main discharge propagating
in the gas phase. However, when the gas flow rate is pro-
gressively increased up to 1.0 L/mn NTP, less and less
streamers develop perpendicularly to the argon jet axis
(there are less and less upstream plasma connections with
the plate) and the surface plasma becomes mainly located
downstream of the intersection point.

Time-resolved measurements of the plasma emission
have been performed in order to describe more precisely
the interaction of the plasma with the glass plate. Exam-
ples of results are shown in Figure 6, for a nozzle placed
at 5.5 mm above the plate, for an angle of 45◦, and for
a gas flow rate of 0.25 L/min NTP (here the dNP value
is slightly higher by only 0.5 mm than for Figure 5; it
corresponds to the condition chosen for the experiment
illustrated by Figure 8 in Section 5.2; note that the
results obtained were at least qualitatively similar in the
whole range of values of dNP studied, and for both angles
25◦ and 45◦).

For the whole set of images, the plasma emission was
captured during only 3 ns, but accumulated over 100 HV
pulses. The time indicated on each image corresponds to

Fig. 5. Plasma emission captured by ICCD camera for an
exposure time of 250 ns and accumulated over 10 successive
HV pulses. Distance from nozzle to plate: 5 mm. Angle between
the glass surface and the tube axis: 25◦. Discharge parameters:
6 kV, 20 kHz. The argon flow rate values are given in the
pictures.

the delay with respect to the instant at which the stream-
ers begin to propagate outside the capillary tube (indi-
cated by the arrow “B” in Fig. 1). The end of the tube is
located in the upper left corner of the images. Intensities
were normalized to the maximum value detected at each
time, and are therefore not comparable between the dif-
ferent images. The first image, image A at 24 ns, shows
that streamers initially propagate following the tube axis.
The middle of the elongated reddish area corresponding
to the maximum intensity (indicated by the arrow “a”
in the image) is located at 2.7 mm from the nozzle; this
area corresponds to the major location of the streamers
heads for the selected 100 discharges. Six ns later, image
B at 30 ns, the streamers are distributed over a wider
area, with a symmetrical plasma emission in the argon jet
along the tube axis. The maximum distance of propaga-
tion of the streamers from the end of the capillary tube
is approximately 5.6 mm. Another 6 ns later, image C at
36 ns, streamers deviate towards the glass surface from
their main propagation path, and some of them reach
already the glass surface (indicated by arrow “b” in the
image). After, image D at 42 ns, the plasma extends over
the surface, in both directions from the main intercept
point of the streamers with the glass; a parasitic reflected
light is detected underneath. Nine ns later, image E at
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Fig. 7. The bibenzyl deposit on a glass surface after a per-
pendicular argon plasma jet treatment, showing the partial
removal of the film. Discharge parameters: 6 kV, 20 kHz. Dis-
charge running time: 10 s. Gas flow rate: 0.25 L/min NTP.
Distance from nozzle to plate: 8 mm. Axis of the argon jet
perpendicular to the plate. Areas denoted “a” and “b”: see
text.

desorption of heavy organic molecules. In order to study
the viability of such application, the jet has been applied
on glass plates in which bibenzyl molecules had been pre-
viously deposited. Firstly, it was verified that the argon
jet alone (without the plasma) has no visible effect on
the deposit. Besides, no organic molecule was detected by
GC-MS in such experimental conditions.

5.1 Axis of propagation of the argon jet perpendicular
to the glass plate

In Figure 7, it is shown a picture of the deposit after
treatment by the plasma with the argon jet placed per-
pendicularly to the glass surface at a distance of 8 mm
between the nozzle and the plate, and with a gas flow rate
of 0.25 L/min NTP. Under these experimental conditions,
the diffuse character of the plasma remained unchanged
with respect to what is observed in Figure 4.

Although the discharge was turned on only for 10 s, a
dark circle area (identified by “a” in Fig. 7) is observed in
the center of the picture with a diameter of about 2 mm.
This corresponds to a surface from where molecules were
completely removed. The total visible area of the bibenzyl
deposit affected by the plasma has a diameter of 6.5 mm,
much greater than the argon jet section (maximum diam-
eter of 1.7 mm). The surrounding area of the free from
deposit central surface presents different optical aspects
on concentric circles. The dark ring-shaped area (“b” in
Fig. 7) could be related to the oxidation of molecules by
reactive species (O, OH, O3) produced by the plasma.

5.2 Axis of propagation of the argon jet
non-perpendicular to the glass plate

Figure 8 shows the effect of the plasma on the deposit
of bibenzyl while operating the plasma jet with an angle
between the argon jet and the glass plate of 45◦, and with
all other experimental parameters being equal to those of
Figure 6. The jet propagates from the left toward the right

Fig. 8. The bibenzyl deposit on a glass surface after a non-
perpendicular argon plasma jet treatment, showing the partial
removal of the film. Discharge parameters: 6 kV, 20 kHz. Dis-
charge running time: 60 s. Gas flow rate: 0.25 L/min NTP.
Distance from nozzle to plate: 5 mm. Angle between the argon
jet and the plate: 45◦. Areas denoted “a”, “b”, “c”, “d”, “e”,
and “dz”: see text.

side of the image in Figure 8. The discharge running time
was 60 ns in order to get an important visible effect on
the layer of bibenzyl.

In this case, the impact of the plasma on the polluted
plate presents an oval shape, which is the signature of the
extension of the plasma on the surface. The dimensions of
the area treated by the plasma are 16 mm for the largest
axis and 13 mm for the smallest, again a much bigger
surface than the intersection area between the argon jet
and the glass plate.

The black circle in the center left of the picture in
Figure 8 (identified by “a” in Fig. 8) shows a maximum
removal of bibenzyl molecules. It is located at the inter-
section area between the argon jet axis and the glass
surface. It is surrounded by a dark oval-shaped surface
(“b” in Fig. 8) where few bibenzyl molecules are still
present. Then, a bright narrow ellipse (“c” in Fig. 8) seems
to be a bibenzyl area surrounded by a dark ellipsoidal ring-
shaped area (“d” in Fig. 8), which is encircled by another
bright ellipse (“e” in Fig. 8). The dark ellipsoidal crown
corresponds probably to a zone where bibenzyl is oxidized
on the surface. It is interesting to observe that in this
dark area, a darker crescent-shaped zone (“dz” in Fig. 8) is
located on the left side, resulting most likely from a greater
oxidation activity or a higher surface density of oxidized
molecules. Further studies are planned to correlate the
treatment of the bibenzyl on the surface, using chromato-
graphic measurements, and the spatio-temporal charac-
teristics of the plasma determined by the ICCD camera.

More experiments were performed in order to get some
insight on the effect of the gas flow rate and of the angle
between the argon jet and the glass plate on the layer of
bibenzyl. Results obtained with an angle fixed to 25◦ are
given in Figure 9 for a gas flow rate of 0.5 L/min NTP and
for a distance from the nozzle to the plate fixed to 5 mm.
The area treated by the plasma has the same appear-
ance as in Figure 8 for 45◦ and 0.25 L/min NTP, i.e., it
shows concentric ellipsoidal crowns. However, the treated
area is more elongated with a lower angle of impact and a
higher gas flow rate. Measured dimensions are 15 mm for
the largest axis, and 6.5 mm for the smallest. It should be
noted that the latter value corresponds to the total
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Fig. 7. The bibenzyl deposit on a glass surface after a per-
pendicular argon plasma jet treatment, showing the partial
removal of the film. Discharge parameters: 6 kV, 20 kHz. Dis-
charge running time: 10 s. Gas flow rate: 0.25 L/min NTP.
Distance from nozzle to plate: 8 mm. Axis of the argon jet
perpendicular to the plate. Areas denoted “a” and “b”: see
text.

desorption of heavy organic molecules. In order to study
the viability of such application, the jet has been applied
on glass plates in which bibenzyl molecules had been pre-
viously deposited. Firstly, it was verified that the argon
jet alone (without the plasma) has no visible effect on
the deposit. Besides, no organic molecule was detected by
GC-MS in such experimental conditions.

5.1 Axis of propagation of the argon jet perpendicular
to the glass plate

In Figure 7, it is shown a picture of the deposit after
treatment by the plasma with the argon jet placed per-
pendicularly to the glass surface at a distance of 8 mm
between the nozzle and the plate, and with a gas flow rate
of 0.25 L/min NTP. Under these experimental conditions,
the diffuse character of the plasma remained unchanged
with respect to what is observed in Figure 4.

Although the discharge was turned on only for 10 s, a
dark circle area (identified by “a” in Fig. 7) is observed in
the center of the picture with a diameter of about 2 mm.
This corresponds to a surface from where molecules were
completely removed. The total visible area of the bibenzyl
deposit affected by the plasma has a diameter of 6.5 mm,
much greater than the argon jet section (maximum diam-
eter of 1.7 mm). The surrounding area of the free from
deposit central surface presents different optical aspects
on concentric circles. The dark ring-shaped area (“b” in
Fig. 7) could be related to the oxidation of molecules by
reactive species (O, OH, O3) produced by the plasma.

5.2 Axis of propagation of the argon jet
non-perpendicular to the glass plate

Figure 8 shows the effect of the plasma on the deposit
of bibenzyl while operating the plasma jet with an angle
between the argon jet and the glass plate of 45◦, and with
all other experimental parameters being equal to those of
Figure 6. The jet propagates from the left toward the right

Fig. 8. The bibenzyl deposit on a glass surface after a non-
perpendicular argon plasma jet treatment, showing the partial
removal of the film. Discharge parameters: 6 kV, 20 kHz. Dis-
charge running time: 60 s. Gas flow rate: 0.25 L/min NTP.
Distance from nozzle to plate: 5 mm. Angle between the argon
jet and the plate: 45◦. Areas denoted “a”, “b”, “c”, “d”, “e”,
and “dz”: see text.

side of the image in Figure 8. The discharge running time
was 60 ns in order to get an important visible effect on
the layer of bibenzyl.

In this case, the impact of the plasma on the polluted
plate presents an oval shape, which is the signature of the
extension of the plasma on the surface. The dimensions of
the area treated by the plasma are 16 mm for the largest
axis and 13 mm for the smallest, again a much bigger
surface than the intersection area between the argon jet
and the glass plate.

The black circle in the center left of the picture in
Figure 8 (identified by “a” in Fig. 8) shows a maximum
removal of bibenzyl molecules. It is located at the inter-
section area between the argon jet axis and the glass
surface. It is surrounded by a dark oval-shaped surface
(“b” in Fig. 8) where few bibenzyl molecules are still
present. Then, a bright narrow ellipse (“c” in Fig. 8) seems
to be a bibenzyl area surrounded by a dark ellipsoidal ring-
shaped area (“d” in Fig. 8), which is encircled by another
bright ellipse (“e” in Fig. 8). The dark ellipsoidal crown
corresponds probably to a zone where bibenzyl is oxidized
on the surface. It is interesting to observe that in this
dark area, a darker crescent-shaped zone (“dz” in Fig. 8) is
located on the left side, resulting most likely from a greater
oxidation activity or a higher surface density of oxidized
molecules. Further studies are planned to correlate the
treatment of the bibenzyl on the surface, using chromato-
graphic measurements, and the spatio-temporal charac-
teristics of the plasma determined by the ICCD camera.

More experiments were performed in order to get some
insight on the effect of the gas flow rate and of the angle
between the argon jet and the glass plate on the layer of
bibenzyl. Results obtained with an angle fixed to 25◦ are
given in Figure 9 for a gas flow rate of 0.5 L/min NTP and
for a distance from the nozzle to the plate fixed to 5 mm.
The area treated by the plasma has the same appear-
ance as in Figure 8 for 45◦ and 0.25 L/min NTP, i.e., it
shows concentric ellipsoidal crowns. However, the treated
area is more elongated with a lower angle of impact and a
higher gas flow rate. Measured dimensions are 15 mm for
the largest axis, and 6.5 mm for the smallest. It should be
noted that the latter value corresponds to the total
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Fig. 9. The bibenzyl deposit on a glass surface after a non-
perpendicular argon plasma jet treatment, showing the partial
removal of the film. Discharge parameters: 6 kV, 20 kHz.
Discharge running time: 30 s. Gas flow rate: 0.5 L/min NTP.
Distance from nozzle to plate: 5 mm. Angle between the jet and
the plate: 25◦. The arrow shows the direction of propagation
of the argon jet.

diameter of the surface treated by the plasma when the
tube is placed perpendicularly to the plate (see Fig. 7).
Greater surfaces are thus treated when the argon plasma
jet is applied non-perpendicularly to the plate. In Figure 9,
the dark area in the center of the image shows a maximum
removal of bibenzyl molecules. The surrounding oxidation
area is larger on the right side of the image, opposite to
the arrival of the argon plasma jet (shown by the arrow).

Analyzes of gas samples taken above the plasma
processing area show the presence of bibenzyl. Therefore,
some of the initially deposited molecules are found intact
in the gas phase. For a treatment time of 60 s, a jet angle
of 45◦ at a distance of 5 mm from the plate, and for an
argon flow rate of 0.25 L/min NTP (conditions for Fig. 8),
an average mass of 20 ng of bibenzyl is detected.
Further studies will be conducted to identify the by-
products present in the oxidation areas.

6 Conclusion

The propagation of a DC-pulsed argon plasma jet through
the surrounding ambient air, and its interaction with a
glass plate placed on the argon jet trajectory, was studied
by means of fast imaging. We observed that the dielec-
tric surface plays an important role in the spatio-temporal
characteristics of the plasma, allowing the creation of a
diffuse plasma instead of a filamentary one for a short dis-
tance between the nozzle of the capillary tube and the
glass plate, when the axis of the argon jet is placed per-
pendicular to the plate. Reducing the angle between the
argon jet and the glass plate, and changing the gas flow
rate allows to strongly modify the spatial extension of the
plasma that develops on the surface. At low values of the
gas flow there are many branchings in the gas phase con-
necting to the surface. Time-resolved measurements of the
plasma emission showed that streamers begin to propagate
following the tube axis, and thereafter deviate towards the
surface from their main propagation path. Then, a surface
discharge, probably streamers, propagates while a plasma
is maintained separately in the argon jet.

This plasma jet shows interesting characteristics
for desorption of low volatile organic molecules such as
bibenzyl. A maximum removal of bibenzyl is located at
the intersection area between the jet axis and the glass
surface, surrounded by different zones where oxidation of
the molecule is probably involved. It is interesting to note
that the area treated by the plasma is much bigger than
the intersection area between the argon jet and the glass
plate, and that greater surfaces are treated when the argon
plasma jet is applied non-perpendicularly to the plate.
Finally, some of the initially deposited molecules are found
intact in the gas phase.
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Fig. 9. The bibenzyl deposit on a glass surface after a non-
perpendicular argon plasma jet treatment, showing the partial
removal of the film. Discharge parameters: 6 kV, 20 kHz.
Discharge running time: 30 s. Gas flow rate: 0.5 L/min NTP.
Distance from nozzle to plate: 5 mm. Angle between the jet and
the plate: 25◦. The arrow shows the direction of propagation
of the argon jet.

diameter of the surface treated by the plasma when the
tube is placed perpendicularly to the plate (see Fig. 7).
Greater surfaces are thus treated when the argon plasma
jet is applied non-perpendicularly to the plate. In Figure 9,
the dark area in the center of the image shows a maximum
removal of bibenzyl molecules. The surrounding oxidation
area is larger on the right side of the image, opposite to
the arrival of the argon plasma jet (shown by the arrow).

Analyzes of gas samples taken above the plasma
processing area show the presence of bibenzyl. Therefore,
some of the initially deposited molecules are found intact
in the gas phase. For a treatment time of 60 s, a jet angle
of 45◦ at a distance of 5 mm from the plate, and for an
argon flow rate of 0.25 L/min NTP (conditions for Fig. 8),
an average mass of 20 ng of bibenzyl is detected.
Further studies will be conducted to identify the by-
products present in the oxidation areas.

6 Conclusion

The propagation of a DC-pulsed argon plasma jet through
the surrounding ambient air, and its interaction with a
glass plate placed on the argon jet trajectory, was studied
by means of fast imaging. We observed that the dielec-
tric surface plays an important role in the spatio-temporal
characteristics of the plasma, allowing the creation of a
diffuse plasma instead of a filamentary one for a short dis-
tance between the nozzle of the capillary tube and the
glass plate, when the axis of the argon jet is placed per-
pendicular to the plate. Reducing the angle between the
argon jet and the glass plate, and changing the gas flow
rate allows to strongly modify the spatial extension of the
plasma that develops on the surface. At low values of the
gas flow there are many branchings in the gas phase con-
necting to the surface. Time-resolved measurements of the
plasma emission showed that streamers begin to propagate
following the tube axis, and thereafter deviate towards the
surface from their main propagation path. Then, a surface
discharge, probably streamers, propagates while a plasma
is maintained separately in the argon jet.

This plasma jet shows interesting characteristics
for desorption of low volatile organic molecules such as
bibenzyl. A maximum removal of bibenzyl is located at
the intersection area between the jet axis and the glass
surface, surrounded by different zones where oxidation of
the molecule is probably involved. It is interesting to note
that the area treated by the plasma is much bigger than
the intersection area between the argon jet and the glass
plate, and that greater surfaces are treated when the argon
plasma jet is applied non-perpendicularly to the plate.
Finally, some of the initially deposited molecules are found
intact in the gas phase.
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Nanosecond pulsed argon plasma jet: setup

attenuation of the transmission signal, the higher the
absorption of the laser light by the argon metastables. In fact,
transmission and absorption represent equivalent information,
and one can be calculated from the other through a simple
mathematical transformation: their sum equals the intensity of
the laser light before passing through the plasma volume. For
better comparison, the transmission signals of figure 2 were
normalized to their maximum intensity value (measured
between 250 and 275 ns, before their attenuation). To be
noted that this value is slightly higher than the laser intensity
measured at each operating condition due to the presence of
the plasma emission, which is superimposed to the recorded
transmission signal. Therefore, in the time interval between

0 and 200 ns in figure 2, the maximum intensity of the nor-
malized transmission signals is slightly lower than 1. The
instants t2 and tm shown in figure 2 correspond to the leading
edge and the minimum value of the transmission at
z=1.05 mm, respectively. In the jet-target case, the mean
instant velocity of the streamers was measured based on
ICCD images. Both wavelength-integrated and filtered
emission were recorded, which provided also the transversal
expansion of the whole plasma and (approximately) the
2p9–1s5 column, respectively. For the filtered images, a
bandpass filter (Andover P/N 810FS10-25, center wave-
length: 810 nm, FWHM: 10±2 nm) was used to probe
simultaneously the radiative transitions 2p7–1s4 (810.37 nm)

Figure 1. Upper part: side section and front view of the DBD reactor used for the production of the streamers impacting the glass surface.
Lower part: experimental TDLAS setup used in this work for the measurement of the argon metastables absolute densities. IR filter: infrared
filter, PD (1, 2, 3): photodiode, ND filter: neutral density filter, CFPI: confocal Fabry–Perot interferometer, BS: beam splitter, dRG: distance
between the reactor’s nozzle and the glass plate.
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Figure 1. Upper part: side section and front view of the
DBD reactor used for the production of the streamers
impacting the glass surface. Lower part: experimental
TDLAS setup used in this work for the measurement of
the argon metastables absolute densities. IR filter:
infrared filter, PD (1, 2, 3): photodiode, ND filter:
neutral density filter, CFPI: confocal Fabry–Perot
interferometer, BS: beam splitter, dRG: distance
between the reactor’s nozzle and the glass plate.
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Nanosecond pulsed argon plasma jet: setup
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Nanosecond pulsed argon plasma jet:
electrical measurements
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diameter of the area covered by the SIW (luminous ‘disk’ in (a)): up to 13 mm
almost 10x the tube diameter
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Nanosecond pulsed argon plasma jet: Ar*

experiments done over 10 successive voltage pulse periods.
The results presented in this work refer, thus, to a single
voltage pulse period. The ABS temporal profile of
Figure 2b revealed three phases: i) a first peak (P1) was
obtained at the instant t1= t0 + 110 ns, i.e. at the same instant
of the maximum of the plasma emission; ii) P1 was followed
by an abrupt small decrease down to a local minimum. After
this minimum, the ABS reached fast a even higher second
peak (P2), at the instant t2 = t0 + 200 ns; and iii) the ABS
decayed exponentially afterwards. By fitting this final part of
the ABS with an exponential function, the effective lifetime
(τ) of Ar(1s5) was obtained.

P2 ofFigure 2bwasplottedversus the y coordinate to obtain
its transversal evolution. But as the signal of
Figure 2b represents the line-of-sight averaged ABS, the

information about the radial-r distribution of Ar(1s5) in the
APPJ is stillmissing. In our previouswork (APPJ impinging on
a glass target at floating potential),[19] the transversal profiles
of ABS were well-symmetric around y0 for Q= 0.2–
0.4 l min−1. Their good symmetry suggested that the applica-
tion of the Abel inversion could be feasible to obtain the
corresponding radial profiles. However, the used Δy step and
the laser diameter (d) in[19] were 50 and 72 µm, respectively.
These values were rather high to determine well-resolved
transversal profiles of ABS, which are indispensable for the
application of the Abel inversion method.[7,36]

In the present work, however, the optical acquisition
system was significantly improved as compared to.[19]

Accordingly, d was effectively reduced down to 18 µm
both in z- and y-direction (dyz, see Figure 3c). The beam's

FIGURE 3 Upper frames: knife-edge method used for the measurement, along the beam axis x (x⊥ y⊥ z), of the beam's diameter in the
axial-z (dz(x), left image) and the transversal-y directions (dy(x), right image). (a) and (b) show the laser intensity measured by the photodiode
(see Figure 1) versus the z and y coordinates of the knife-edge, respectively. (c) Laser beam radii (wz(x) and wy(x)) versus the x coordinate. The
diameters (d10-90) given in (a) and (b) refer to the beam waist
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diameter was measured using the knife-edge method,[7,25]

illustrated in the upper frames of Figure 3. Figures 3a and 3b
show the experimental data (points) used for the determina-
tion of dyz. In both cases, dyz was defined as the distance
corresponding to 10–90% of the maximum laser intensity.
Figure 3c shows the beam radii (wz-red and wy-black)
measured at different x positions along the laser beam. Due to
the divergence, the beam radius increased with the increasing
of the x coordinate. The evolution of wz and wy versus the
distance x from the waist position (xw) was fitted by the well-
known formula of a Gaussian laser beam:

w xð Þ ¼ w0x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ x% xw
x0

" #2
s

ð4Þ

where w(x) is the beam radius at the position x, w0x the beam
waist, and x0 (0.33mm) the Rayleigh's range, i.e. the
coordinate for which the area of the beam is twice that at the
waist. Figure 3c shows a very good agreement between the
experimental data (points) and the fitting curves (solid lines –
Equation [4]), revealing theGaussian profile of the laser beam.

Therefore, in this work, by using themore accurate d (18 µm)
and Δy (10 µm) values, the number of successive experimental

y positions was effectively increased by a factor of 5 in respect
to.[19] In this way, the shape and the center of theABS transversal
profiles were determined with a much better precision and
resolution. It is exactlywhat is shown inFigure4 (indicative case),
forwhich 60 temporal and transversalABS signalswere recorded
at z=4mm. It should be noted that both t1 and t2 are constant for
all y coordinates, and that this was observed for all the axial
positions studied herein. By plotting the amplitude P2 (temporal
maximum) versus the y coordinate, well-symmetric ABS
transversal profiles (f(y), see representative profile in the lower
left image of Figure 4)were obtained forQ=0.2–0.4 l min−1 and
for all the axial positions. As so, the application of the Abel-
inversion was feasible according to the method reported in.[7]

The corresponding radial profiles (f[r], see representative
profile in the lower right frame of Figure 4) were obtained
from f(y) via the formula:[7,36]

f rð Þ ¼ % 1
π

Z ∞

r

f yð Þ
dy

dyffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 % r2

p ð5Þ

Equation (5) was effectively solved in this work using the
algorithm proposed by Benianimy and Deutsch.[36] Then, the
radial absolute density of Ar(1s5) was determined via
Equation (6):

FIGURE 4 Upper frame: Representative temporal evolutions of the ABS at different transversal coordinates around y0. Each waveform is the
average of 1000 signals recorded in the oscilloscope. Lower frame: Symmetric transversal profile of P2 (left image) and its corresponding radial
profile (right image) generated via the Abel inversion. Vp = 6 kV, f= 20 kHz, Q= 0.3 l min−1, z= 4mm (z refers to the axis of the plasma
propagation, z⊥ y), dielectric target: alumina
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experimental laser lines (black open symbols in the upper part
of the figure 4) were fitted with Gaussian functions (solid gray
line) to accurately determine their center wavelength. By
plotting the values of the obtained central wavelengths versus
the laser operating temperature (see lower part of figure 4), a
linear increment was obtained with the same slope as that
given by the laser manufacturer, i.e. 0.06 nmK−1. From the
figure, it can be seen that the wavelength of interest, i.e.
811.531 nm (2p 1s9 5– transition), is attained for an operating
laser temperature of 31.8 °C. At this value, the laser absorp-
tion by the Ar(1s5) produced in the low-pressure argon lamp
is maximized. This laser operating temperature was fixed for
the measurements of the Ar metastables absolute densities
shown hereafter. Nevertheless, at this chosen laser operating
temperature, the laser current was finely tuned (when neces-
sary) in order to perform precise adjustments and always be at
the central wavelength of the transition, which varied slightly
from one experiment to another.

Since the density measurements were performed in such
small spatial intervals, another important parameter had to be
taken into account, the laser beam waist. This must be pre-
cisely evaluated, since the mapping of the metastables density
depends strongly on the spatial resolution and, thus, on the
laser beam diameter. Herein, it was measured both along the y
and z directions, using a sharp razor blade interrupting pro-
gressively the laser beam. The beam diameter, defined as the
positions (in y or z) corresponding to 25% and 75% of the
maximum laser intensity, was found to be 34 μm, along the y
direction (see figure 5), and 26 μm, along the z direction,
revealing that the beam was not perfectly round. Both values
are very close to that measured by Winter et al [58] (28 μm),
while they are relatively larger than the one measured by

Douat et al [60] (15 μm). Nevertheless, the spatial resolution
should not be affected, since the beam diameter is ∼1.5 (y-
value) and ∼1.9 (z-value) lower than the lowest y-step
(50 μm) used in this work to measure the transversal variation
of the Ar(1s5) density.

The spectrograph was further used to analyze the plasma
emission in the UV–VIS–NIR range. Both space integrated
(the plasma emitted light being collected via a wideband
optical fiber over the whole gaseous gap-dRG) and spatially
resolved spectra were recorded. In the second case, a dia-
phragm (length: 30 mm/diameter: 1.5 mm) was mounted in
front of the optical fiber and placed side-on at 5 mm from the
jet axis. This changed the collection angle of the diffuse light,
and the emission was recorded within well-defined spatial
zones of 2 mm (defined through geometric calculations based
on the diaphragm dimensions and its distance from the GSs
propagation axis). All spectra were integrated in time. The
reactive species generated in the discharge were identified,
and their spatial evolution was plotted as a function of the gas
flow rate (see figure 9 in the results section). The emission
spectrum of the GSs was recorded with and without the
presence of the laser to ensure that the discharge character-
istics (species emission intensities and plasma temperatures)
remained unaffected during the laser operation. Besides, the
spatial evolutions of the rotational and vibrational tempera-
tures of probe molecules (OH and N2(SPS)) were mapped by
means of highly resolved ro-vibrational distributions to
inspect the non-equilibrium nature of the discharge. The gas
temperature, a must-known parameter for the determination
of the metastable densities (see next section), was estimated
through the rotational temperature of the OH molecule
emitting around 309 nm [10, 22, 66, 67]. On the other hand,
the vibrational temperature (Tvib) was calculated through the
Boltzmann plot method [10] using the vibrational sequence

2uD = - of the N2(SPS) in the wavelength range of
365–380 nm.

Finally, the spatiotemporal evolution of the GSs wave-
length-integrated emission in the z y– plane was investigated

Figure 4. Upper part: experimental laser emission line recorded with
the spectrometer (open black circles) at 811.531 nm fitted with a
Gaussian function (gray line) to accurately determine its center
wavelength. Lower part: laser line center wavelength (open circles)
as a function of the laser operating temperature, used for the
calibration of the laser wavelength. A linear increment (gray line)
with a slope of 0.06 nm K−1 is obtained, the same as that given by
the laser manufacturer.

Figure 5. The laser beam intensity recorded with a low noise
photoreceiver as a function of the transversal position y of an
interrupting razor blade. The beam waist, defined as the distance
between the positions corresponding to 25% and 75% of the
maximum laser intensity, is of 34 μm. TLaser=31.8 °C.
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using an ICCD camera (Princeton Instruments PIMAX-3)
equipped with a UV-macro lens (EADS Sodern CERCO2178
F/2.8, spectral range 220–900 nm). The optical axis of the
camera faced perpendicularly the z–x plane (see figure 1). In this
way, the GSs characteristics (propagation velocity, structure,
emission intensity, surface expansion, etc) were well evaluated.
Additionally, a narrow bandpass filter (810 nm, FWHM:
10±2 nm, described previously) was mounted in front of the
camera to probe simultaneously the emission of the radiative
transitions 2p7–1s4 (810.37 nm) and 2p9–1s5 (811.53 nm). These
measurements were then compared with the spatiotemporal
evolutions of the Ar(1s5) density.

2.3. Ar ð1s5Þ metastable density evaluation

The Beer–Lambert law given in equation (2.1.1) was used to
correlate the attenuation of the intensity of the laser radiation
passing through the diffuse plasma column, I ,l( ) with the

density of the metastable Ar(1s5) atoms in that volume, N, as
follows [52]:

I I Ie e . 2.3.1N L k L
0 0l l l= =s l l- -( ) ( ) ( ) ( )( ) ( )

In equation (2.3.1), s l( ) stands for the wavelength-dependent
absorption cross-section, L represents the absorption path-
length, and k l( ) corresponds to the wavelength-dependent
absorption coefficient. Since the profile of the absorption line
can be broadened by various processes in the plasma [52], a
more adequate measurement of the absorbance is obtained
using the integrated absorption coefficient:

L
I
I

k k
1

ln d d . 2.3.2
0 lineò òl l l- = =l

-¥

+¥ ⎛
⎝⎜

⎞
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In equation (2.3.2), the term A ln I
I0ò= -

-¥

+¥ ( ) represents

the area of the absorption line. According to Sadeghi [68] and
Douat et al [61], the absorption coefficient at a given position
x and wavelength λ is connected to the density of the meta-
stable atoms as follows:

k x
e

m c
f N x,
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4

, 2.3.3ik
e

ik
0

2
l

e
j l=( ) ( ) ( ) ( )

where 0e is the vacuum permittivity, e the elementary charge,
me the electron mass, c the light speed, fik the oscillator
strength of the line (0.46 for the transition 1s 2p5 9– [55]), and
N x( ) the argon atom density in the metastable 1s5 level at the
position x. Finally, j l( ) is a normalized function

d 1ò j l l =( )( ) representing the absorption line shape. At

atmospheric pressure, it can be (normally) described with a
Voigt function, i.e., the convolution of a Gaussian and a
Lorentzian components due to the Doppler and the pressure
broadenings, respectively. Under our experimental condi-
tions, the natural (1 2pt »/ 0.0052 GHz, t = 30.6 ns for
2p9–1s5 [53]) and the Stark width (ne=2×1014 cm−3, see
section 2.1) are relatively small [53, 66]. The laser power was
attenuated in the μW level to avoid any power saturation
effects. Thus, natural, stark and power broadenings can be
neglected [53, 55, 61, 66]. On the other hand, the Doppler
broadening can be calculated through the gas temperature
(TGas) as follows [55]:

V
k T

M
2

2 ln 2 , 2.3.4D
B

0

Gas

l
D = ( ) ( )

where 0l is the transition wavelength, kB the Boltzmann’s con-
stant and M the atomic mass of argon. The only unknown
parameter in equation (2.3.4) is the gas temperature. Under
atmospheric pressure, it can be approximated with the rotational
temperature (Trot) of probe molecules such as the OH A v, ¢ =(

X v0 , 0- ´ = ) and the N SPS2( ) C v B v, 0 , 0 ,¢ = - ´ =( )
assuming that a Boltzmann equilibrium is attained between the
rotational degrees of freedom and the translational motion of the
gaseous species [45–48].

Both molecules were identified in the emission spectrum
of the GSs (see results section), and their emission spectra
were used to determine Trot. Their experimental rotational
distributions were fitted with synthetic rotational spectra

Figure 6. Upper part: experimental rotational distributions (black
color) of the OH A v X v, 0 , 0¢ = - ´ =( ) around 309 nm (upper
sub-figure) and of the N SPS2( ) C v B v, 0 , 0¢ = - ´ =( ) around
337 nm (lower sub-figure). The rotational spectra correspond to light
emission coming from the entire gaseous gap. The experimental
spectra are fitted with their corresponding synthetic spectra (red
scatter plots) for the determination of the rotational temperature.
Lower part: experimental normalized absorption line profile (black
open circles) at z=2.05 mm/y=0 mm, fitted with a Voigt function
(gray line) with a fixed Gaussian width ( VDD =0.0016 nm). A
redshift between 0.006 and 0.01 nm (2.7–4.5 GHz, depending on the
operating condition) was recorded. Vp=6 kV, f=20 kHz,
Q=200 sccm.
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within the zone 0<z<1.5 mm, the recorded Lyz profiles are
quite similar. Based on these profiles, it seems that, at 200
sccm, the argon gas jet is relatively weak to displace the
surrounding atmospheric air molecules (N2, O2, H2O), and,
thus, the absorption path-length is considerably affected,
resulting in a narrow plasma channel in the zone 1.5<z<
5 mm. This could explain the differences between the two
flow rates observed in figure 11.

Furthermore, the dissymmetry in the measured minimum
transmittance as a function of the transversal distance from
the jet axis, previously shown in figure 10 at 600 sccm, is not
observed in figure 11 (see right part). This is because of the
assumptions made in section 2.3 (Lyz cannot be accurately
measured and it was estimated assuming a perfectly circular
profile of the plasma column, see figure 7). Indeed, at each z
position, the plasma plume was considered as a perfect circle
centered at y=0, whose diameter was defined equal to the
experimentally determined axial absorption path-length (Lz) at
y=0. Of course, this represents an ideal case, resulting in
symmetric profiles of Lyz. But it is not feasible to estimate the
transversal absorption path-length (Ly) otherwise. As it can be
seen from figure 11, Lyz profiles are not likely to affect the
density spatial symmetry, since they are axisymmetric.

Finally, the axial evolution of ΔVL is plotted for different
Q in the left part of figure 12. At each z,ΔVL was taken as the
average value of eleven transversal widths (see an indicative
2D profile at 300 sccm in the right part of figure 12). This
gave an estimation of the overall error in ΔVL between dif-
ferent y points, and it simplified the comparison between
different flow rates. Regarding the error of ΔVL, a value
between 5% and 15% of the mean value was obtained,
depending on the operating condition. On the other hand,
comparing the lower (200–300 sccm) and the higher flow
rates (400–600 sccm), two tendencies are distinguished (see
left part of figure 12). For the lower flow rates, ΔVL increased

from 17.7 GHz (200 sccm) and 18.4 GHz (300 sccm) to 20.1
and 21.6 GHz, respectively, from z=0.05 mm to z=
1.05 mm. Then, up to z=4.55 mm, it declined fast to 13.6
and 15.9 GHz, respectively. On the other hand, ΔVL is
maximized at a double axial distance for 400–600 sccm.
Indeed, from 20 GHz (400 sccm) and 16.6 GHz (600 sccm)
near the tube, it increased up to 22.2 and 20.4 GHz, respec-
tively, at z=2.05 mm. Then, up to z=4.55 mm it reduced
down to 16.6 GHz (400 sccm) and 15.2 GHz (600 sccm).
Close to the glass plate, a retro-diffusion of argon atoms is
expected to happen; after hitting the surface, the argon atoms
should return into the gaseous channel by displacing the air
molecules. This might explain the observed variations on
ΔVL. At a given z position, ΔVL increases progressively
between 200–400 sccm, while it decays between 400 and
600 sccm. Also remarkable is the fact that for z < 1.55 mm,
ΔVL is lower at 600 sccm when compared with 200–300
sccm, while for z. 2.05 mm it is higher at 600 sccm (or equal
to that at 300 sccm). In overall, under our experimental
conditions, ΔVL depends on the position in the z–y plane and
the gas flow rate. It can be as low as 13.6 GHz±5%
(Q=200 sccm, z=4.05 mm) or as high as 22.2 GHz±
15% (Q=400 sccm, z=2.05 mm). There is, thus, a
∼1.6-fold difference between these two extreme values.
Consequently, the use of a unique ΔVL is not adequate for the
mapping of the spatial evolution of the Ar(1s5) density.

The values of ΔVL obtained in this work can be directly
compared with those measured by other groups. Sands et al
[54] quantified the Ar(1s5) density in a He/Ar atmospheric
pressure plasma jet driven by unipolar ns pulsed high voltages
(similar to our case). They measured ΔVL at 1 mm from the
nozzle, and they found a value of 16.5±1 GHz. This seemed
to be quite reproducible within the voltage range (∼5% error),
while it varied by ∼20% with the axial position. The latter is
in relatively good agreement with the values derived from our

Figure 12. Left part: evolution of the Lorentzian width of the absorption line (ΔVL) as a function of the axial coordinate for all the gas flow
rates considered in this work. Each ΔVL value corresponds to the average and the standard deviation of eleven points along the transversal
axis (see right part of the figure), for which the absorption line profile was determined. The z error bars correspond to the uncertainty of the
measurement close to the nozzle, where distances are comparable with the laser beam diameter. Right part: measured ΔVL versus z
( z0 4.55-< mm) at eleven transversal positions for each z in the range y0.25 0.25- -- + mm, for an indicative flow rate of 300 sccm.
The propagation axis of the GSs (y=0) is also indicated in the figure. Vp=6 kV, f=20 kHz.
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Ar(1s5), which appear to reach an equilibrium state for Q .
400 sccm. In what concerns the transversal variation of ,et at
z=0.05 mm, it is maximum inside a zone of ∼0.8 mm
around y=0 (i.e. y0.4 0.4- -- mm), independently of
the gas flow rate. The length of this zone is reduced by a
factor of two (i.e. to y0.2 0.2- -- mm), resulting in a
noticeably narrower profile, as we move closer to the glass
plate (z=4.85 mm). Also, a ‘two-peak’ transversal profile
seems to be established at the lowest z values. The quenching
of the argon metastables is faster and more important at
higher z/y values due to the perturbations induced by the
ambient air species. Also, for z positions at the vicinity of the
glass plate, the metastables can be additionally quenched by
impacting on the glass plate. It cannot be excluded that the
signal instabilities being higher close to the tube could lead to
the ‘two-peak’ profiles. However, this is a purely exper-
imental work and the roles of the glass plate and the air
species on the quenching of the metastables cannot be at this
stage discriminated. More accurate predictions of the
mechanisms inducing the recorded tendencies could be
achieved by using kinetic models. This would allow for the
distinction of the role of the different population/depopula-
tion processes. Regarding the extreme y values, a steep decay
is recorded, since the retro-diffusion of the ambient air into
the argon jet becomes central. This could also explain the low

et measured at high z values (z . 3.05), especially at 200

sccm, since the gas flow is not sufficiently strong to displace
the atmospheric air.

The energy of the 4s states lies between 11.54 (i.e. the
energy of the 1s5 metastable [10]) and 11.82 eV [74].
According to the reaction (3.1.1) [74, 75], the population rate
of the excimer molecule excited state Ar2* is correlated with
the destruction rate of the argon 4s levels. In our case, the
values of the effective lifetime measured at positions between
the center of the argon jet and the glass surface (especially for
Q=400–600 sccm) agree quite well with the lifetime
deduced from the effective quenching coefficient, kA=
6.6×10−33 cm6 s−1 [74], for the formation of Ar2* through
the reaction (3.1.1). Because of the rapid mixing of the four
levels of the 4s configuration of excited argon by collisions
with electrons or atoms, these levels are considered as only
one effective state noted Ar* [74, 75]. At atmospheric pres-
sure and 293 K, the lifetime of the effective state Ar* deduced
from the above value of kA equals to 242 ns, which is quite
close with those measured under specific operating conditions
in our case (see figure 14 and next paragraph). Of course, this
assumption does not take into account the other population/
depopulation processes discussed above, which could be very
important under atmospheric pressure conditions and may
induce noticeable deviations. Furthermore, the error on the
proposed value of kA in [74] is not available, while the
corresponding values proposed in the literature do not agree
between them. For instance, different kA values are

Figure 14. Ar(1s5) effective lifetime ( et ) as a function of selected values of the axial and transversal coordinates at (a) 200, (b) 300, (c) 400
and (d) 600 sccm. Each et value is obtained from a density curve averaged over 10 000 signals in the oscilloscope. Vp=6 kV, f=20 kHz.
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where Ap is the peak value, t is the time, the parameter τ is the
effective lifetime of the Ar(1s5) state, and a is a constant corre-
sponding to the measurement offset. Note that the effective Ar
(1s5) lifetime is calculated from the line-of-sight laser absorption,
which is obtained by passing the laser through areas where the
lifetime of the Ar(1s5) metastable atoms most probably vary. A
radial variation of the gas composition due to the diffusion of the
surrounding air into the argon jet [cf. Fig. 4(b)] can for instance
cause such variations of the Ar(1s5) lifetime. Nevertheless, the
determination of the effective Ar(1s5) lifetime gives us some
insight into the surrounding environment of the argon metasta-
bles. In Fig. 8, two effective Ar(1s5) lifetimes were determined,
one after the second maximum (1st peak) and another following
the third maximum (2nd peak), being very similar (225 vs 220 ns,
respectively). Thus, the destruction mechanisms of Ar(1s5) before
and after the 2nd peak are expected to be the same.

The effective lifetimes measured in different y-positions, on
one side and the other of the jet axis (y = 0 mm), at three longitudi-
nal positions (z-axis) from the nozzle of the tube at 3.35, 4.85, and
6.35 mm, after the first and second peaks of the absorbance
(excluding the initial notch) are shown in Figs. 9(a) and 9(b),
respectively. In Figs. 9(a) and 9(b), the effective Ar(1s5) lifetime
was, thus, determined for times before and after the small increase
of absorbance detected at around 750 ns (see Fig. 8), for all couple
of values (y,z). It can be seen that the effective lifetime is almost
constant with values of about 220 ns (±25 ns to the maximum)
between −200 and +200 μm along the y-axis for z = 3.35 mm and
z = 4.85 mm. Moreover, it decreases at the edge of the MPJ, and
this phenomenon is significantly observed as the distance from the
nozzle increases: for z = 6.35 mm, the effective lifetime drops by
approximately 55% from y = 0 to y = 300 μm.

The values of the effective lifetime obtained from either the first
peak or the second peak of the absorbance (neglecting the initial
notch) close to the center of the argon jet and for short distances

from the nozzle agree quite well with the lifetime deduced from the
effective quenching coefficient, kA, of the well-known formation of
the excimer molecule excited state Ar2* by the three body reaction,

Ar*þ2Ar ! Ar2*þAr, (4)

where kA = 6.6 × 10−33 cm6 s−1 and the four levels of the 4s configu-
ration of excited argon are considered as only one effective state
noted Ar*. These levels can be considered as only one effective state
due to their rapid mixing by collisions with electrons or atoms.43,44

At atmospheric pressure and 293 K, the lifetime of the effective state
Ar* is 242 ns, which lays in the fluctuation bracket of the measured
effective lifetime of Ar(1s5) in the argon jet for y values between
−200 and +200 μm and z in the range of 3–5mm of 220 ± 25 ns.

Other kinetic processes can also be invoked regarding the
decrease of the metastable state density during the time after the
first peak of the absorbance. Firstly, Ar(1s5) can be quenched by
electrons via superelastic collisions,

Ar(1s5)þ e" ! Arþ e": (5)

However, this process can be most probably ruled out. Indeed,
a rough estimate of its importance can be obtained using the values

FIG. 8. Typical decay fits of the measured absorbance (at z = 3.35 mm and
y = 0 mm) using Eq. (3), for the determination of the Ar(1s5) effective lifetimes after
the first and the second absorption peaks. The solid blue lines define the limits of
the fitting intervals. Ar flow rate = 750 sccm and applied voltage = 6.0 kV.

FIG. 9. Distribution of the effective Ar(1s5) lifetimes averaged over 4 HV pulses
for different transversal positions (y-axis) at three longitudinal positions down-
stream from the nozzle of the capillary tube (z = 3.35, 4.85, and 6.35 mm),
obtained from the fits of the decay of the absorbance after (a) the first or (b) the
second absorption peak (excluding the initial notch; see also Fig. 8). Ar flow
rate = 750 sccm and applied voltage = 6.0 kV.
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of the electron density, ne, and electron mean energy, ue, recently
measured by Thomson scattering for the same discharge and oper-
ating conditions as those used in the present work,45 and consider-
ing that the electron energy distribution function is Maxwellian. At
200 ns after the discharge breakdown, ne and ue were measured to
be about 2.5 × 1013 cm−3 and 0.4 eV, respectively. Using the
formula for the rate constant of reaction (5), k5, as a function of ue
given by Gudmundsson and Thorsteisson,46,47 k5 is thus equal to
2.2 × 10−10 cm3 s−1. As a result, the characteristic time 1/(k5 ⋅ ne) of
reaction (5) is of about 182 μs, which is much higher (3 orders of
magnitude) than the measured effective lifetime (around 220 ns).
Secondly, electron collisions are also responsible for the rapid trans-
fer from the 1s5 state up to the 1s4 state. However, the corresponding
rate constant (3.7 × 10−7 cm3 s−1, giving a characteristic time of
108 ns) is lower than the rate for the reverse reaction, i.e., 1s4
down to 1s5 (9.1 × 10−7 cm3 s−1, 44 ns),46,48 and, thus, the balance
should be in favor of the metastable state. The contribution of
Penning collisions [reaction (6)] was also evaluated as

Ar(1s5)þ Ar(1s5) ! Ar þ Arþþe": (6)

The rate constant of reaction (6), k6, is of 6.4 × 10−10 cm3 s−1.46,48

The maximum contribution of reaction (6) can be assessed by consid-
ering the maximum value of the averaged Ar(1s5) density obtained
from the line-of-sight absorbance, NMax = 3.0 × 10

13 cm−3 (see Sec. III
F). The calculated characteristic time, 1/(k6 ⋅NMax) = 52 μs, is two
orders of magnitude higher than the lifetime of the effective state
producing the excimer molecule by the three body reaction (4).
Thus, it can be concluded from the above estimations that this
latter process should dominate the loss processes of the Ar(1s5)
state in the argon plasma jet at reasonable distances from the tube
nozzle and close to the jet propagation axis.

The Ar(1s5) atoms at the edge of the MPJ have a shorter
lifetime due to quenching by the surrounding air species (N2, O2,
H2O) whose density is much higher in that area compared to the
core of the argon jet [cf. Fig. 4(b)]. As the distance from the nozzle
increases, the diameter of the pure argon channel diminishes due
to a higher diffusion of the surrounding air into the argon jet.
Thus, the reduction along the longitudinal axis (z-axis) of the
transversal (y-axis) interval at which the effective Ar(1s5) lifetime is
nearly stable (from approximately 0.4 mm at z = 3.35 mm to about
0.2 mm at z = 6.35 mm) is most likely caused by more and more
additional quenching of Ar(1s5) atoms by N2, O2, and H2O mole-
cules penetrating by diffusion into the argon jet [cf. Fig. 4(b)].
Besides that, the decrease of the effective Ar(1s5) lifetime along the
longitudinal axis (z-axis) even for |y| < 0.1 mm, where the effective
Ar(1s5) lifetime is rather stable for the three longitudinal positions
considered, indicates that the surrounding environment of the Ar
(1s5) atoms does change considerably for higher distances from the
nozzle of the tube even in this small transversal interval of 0.1 mm
[from about 5% of air species present at z = 3.35 mm to around
24% of air species at z = 6.35 mm, according to the results of the
fluid simulation presented in Fig. 4(b)].

In order to study in more detail the effect of the distance from
the nozzle on the effective Ar(1s5) lifetime, absorption measure-
ments were done at the center of the argon jet (i.e., y = 0) while
varying the longitudinal (z-axis) distance from 2.85 to 8.35 mm.

Results obtained from the fits of the decay of the absorbance after
the first absorption peak are shown in Fig. 10 for three argon flow
rate values, 750, 850, and 1000 sccm, and for an applied voltage of
5.2 kV. Under the considered conditions, the gas flow rate does not
play a significant role in the effective lifetime (see Fig. 10), meaning
that the composition of the gas channel along the longitudinal
axis is very similar for the three studied gas flows, at least up to
z = 6 mm. Besides that, the effective Ar(1s5) lifetime decreases by
about 22% from z = 2.85 mm to z = 8.35 mm, at a similar rate as
that deduced from the data of Fig. 9(a). This longitudinal reduction
of the effective Ar(1s5) lifetime should be the result of a higher radial
diffusion of air molecules into the MPJ as the distance from the
nozzle increases, which leads to a higher quenching of the Ar(1s5)
metastable atoms. The increase of the mass fraction of air in the
argon jet along the longitudinal axis at the center of the jet is pre-
dicted by the fluid simulations [see Fig. 4(a)]. According to the cal-
culations, the mass fraction of argon decreases by about 35% from z
= 2.85mm to z = 8.35 mm, at a similar rate as that of the reduction
of the effective Ar(1s5) lifetime measured in the same longitudinal
interval (22%).

Additional measurements were performed for different values
of the argon flow rate in the range of 550–1100 sccm at y = 0mm
and z = 3.85 mm. The results, obtained from the fits of the decay of
the absorbance after the first absorption peak, are shown in Fig. 11.
For flow rates lower than 850 sccm, the effective Ar(1s5) lifetime is
shorter than 225 ns, and increasingly smaller for decreasing gas
flows, since the concentrations in the argon MPJ of atmospheric
air molecules are probably higher [cf. Fig. 4(c)], which leads to an
increase of the quenching of the Ar(1s5) state. As also seen in
Fig. 10, the composition of the gas channel does not seem to
change significantly for gas flows higher than 750 sccm, as the
effective Ar(1s5) lifetime remains within a 3% interval around
225 ns, a little lower than the lifetime (242 ns) of the effective state Ar*

FIG. 10. Longitudinal (z-axis) profile of the effective Ar(1s5) lifetimes averaged
over 4 HV pulses, obtained from the fits of the decay of the absorbance after
the first absorption peak, for three Ar flow rates: 750, 850, and 1000 sccm. The
measurements were performed at the center of the MPJ (y = 0) for an applied
voltage of 5.2 kV.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 073302 (2019); doi: 10.1063/1.5096407 126, 073302-10

Published under license by AIP Publishing.

considered in reaction (4). This is in accordance with the evolution, as
a function of the argon flow rate, of the mass fraction of argon and air
species predicted by the fluid simulations [see Fig. 4(c)].

F. Line-of-sight integrated Ar(1s5) density

1. Temporal evolution along the transversal axis

Figure 12 shows temporally resolved distributions of the Ar
(1s5) line-of-sight integrated density averaged over 4 HV pulses
measured along the transversal axis (y-axis), up to ±300 μm from
the argon jet center (i.e., y = 0). The origin of the time (t = 0) corre-
sponds to the moment when the discharge current is at its
maximum (see Fig. 2). Measurements were performed along the
MPJ for three longitudinal positions: z = 3.35, 4.85, and 6.35 mm
from the nozzle of the tube. The gas flow rate was set to 750 sccm
and the applied voltage to 6.0 kV. For each longitudinal z-position,
the MPJ was scanned in the y-axis with a step of 50 μm, covering
the whole cross-sectional area of the plasma. For the considered
range of z-values, the diameter of the cylindrical plasma column
was found to be equal to 0.8 mm, deduced from the position of the
laser beam for which the absorption signal vanished. Thus, the
thickness L of the absorbing medium (i.e., optical path length),
taken into account in Eq. (2) for the computation of the line-
of-sight integrated metastable density averaged over 4 HV pulses,
decreased from 0.8 mm at y = 0 down to 0.53 mm at y = ±300 μm
[see Fig. 1(c)].

For all positions, the density of Ar(1s5) states first rapidly
increases (in a few nanoseconds) to a maximum value (notch) at
the instant the ionization front passes at the z-position of the laser
beam. This results from a direct production of Ar(1s5) metastable
atoms by the high-energy electrons generated by the passage of the
streamer. Then, the Ar(1s5) density decreases sharply (in about
15 ns), originating the notches observed in Fig. 12. This fast
decrease should correspond to the destruction of Ar(1s5)

metastable atoms by collisions with electrons (still present in high
densities45 in such a short delay), populating states of excited Ar
with higher energies. After this sharp decrease, it is worth noticing
the appearance of two more Ar(1s5) density maxima at certain
positions (especially at transversal positions in the vicinity of the
center of the MPJ), other than the first maximum (notch) corre-
sponding to the passage of the ionization front. The second
maximum is observed 90–190 ns later, while the third, as already
mentioned in Sec. III E, is found approximately 730 ns after the
first maximum, both times corresponding to the reversal of the dis-
charge current (see Figs. 2 and 5). The first current reversal results
in a transition from a positive to a negative streamer, while the
second reversal results on the opposite. Both lead to a reversal of
the direction of propagation of the electrons. Argon electronic
excited states are directly formed by electron-impact excitation, and
Ar(1s5) states are also populated following the deexcitation of
upper states through photon emissions or transfers from the other
3s states by collisions with Ar. We propose that these latter pro-
cesses are the largest contributors to the first repopulation of the
Ar(1s5) state, following the increase of the upper states density that,
as we suggested previously, occurs during the sharp decrease of the
Ar(1s5) density after its first maximum (notch). It should be pointed
out that this second maximum is only clearly visible closer to the jet
axis, for y-positions between 0 and 100 μm. This could mean that
this repopulation phenomenon occurs only close to the jet axis
where the concentration of Ar in the gas composition is higher
and/or that the Ar(1s5) losses overdominate this second Ar(1s5) pro-
duction source at the MPJ edge where the quenching of Ar(1s5) is
higher due to a greater concentration of air species [cf. Fig. 4(b)].

The third maximum is visible in almost all positions, but it is
more pronounced on the axis of the MPJ (i.e., y = 0) and for higher
distances from the nozzle of the capillary tube. This third produc-
tion of the Ar(1s5) metastable atoms should result from the focus
of high-energy electrons toward the axis of the MPJ caused by
the accumulation in the jet-air boundary of negative ions between
the successive plasma pulses, as suggested by Douat et al.39 As the
plasma jet propagates into ambient air, molecules such as H2O, N2,
and O2 are ionized and dissociated by the high-energy electrons of
the ionization front and by Penning ionization involving the Ar
(1s5) states. Since diffusion is a very slow process at atmospheric
pressure and the processes of recombination of positive ions with
negative ions have quite small rate coefficients, the negative ions
formed in the jet-air boundary have a quite long lifetime and can
be accumulated through successive plasma pulses. The passage of
the ionization front produces additional electrons in the periphery
of the jet by detachment (photo- or collisional) from those electro-
negative impurities. These electrons are accelerated toward the
center of the jet by the intense radial electric field,49 producing an
additional population of Ar(1s5) metastable atoms by electron
impact, especially at the center of the MPJ. This process is an addi-
tional contribution to the second maximum of the Ar(1s5) density
observed in Fig. 12 at transversal positions in the vicinity of the
center of the MPJ. However, the current reversal (from positive to
negative) occurring at about 140 ns causes these electrons to move
outward. As so, during the negative polarity of the discharge
current, no additional production of the Ar(1s5) metastable atoms
takes place. Thus, a maximum of the Ar(1s5) density is attained

FIG. 11. Effect of the Ar flow rate on the effective Ar(1s5) lifetimes averaged
over 4 HV pulses, obtained from the fits of the decay of the absorbance after
the first absorption peak, at the center of the MPJ (y = 0) and at z = 3.85 mm
downstream from the nozzle of the capillary tube. Applied voltage = 5.2 kV.
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corresponding to the 1s4→ 2p7 transition was detected even if its
absorption oscillator strength is lower than that of the transition
1s5→ 2p9.

It is interesting to notice the notch in the measured trace of the
laser transmitted signal intensity observed for the two transitions close
to their absorption peaks. The duration of this notch is about 15 ns,
and its amplitude is relatively small. However, a more prominent
effect was observed near the nozzle (see Sec. III F). It is most probably
related to the time varying balance between the various loss and pro-
duction processes of the metastable state taking place during the prop-
agation of the ionization front and in the very early afterglow in the
gas volume probed by the laser beam. It could also be attributed to a
Schlieren spike caused by the density gradients, the small signal varia-
tion being due to the relatively small change in density at low gas tem-
perature. This notch is discussed in more detail in Sec. III E.

Because the MPJ is not so homogeneous in Ar compared to He,
as revealed by the optical radiative emission captured by the ICCD
camera, no attempt was made to determine precisely the radial distri-
bution of the metastable density using the Abel transformation
method. However, it should be noted that amplitude and temporal
evolutions of the absorption signal in the (z,y) plane were found
quite reproducible within 9% (Fig. 6), from one HV pulse to the
next, at a distance between 3mm and 8.5mm downstream from the
nozzle of the tube and for a gas flow rate in the range 550 sccm up
to 1100 sccm. Moreover, the reproducibility of the absorption signal
was found better than the reproducibility of the diffuse pattern of the
plasma observed by the ICCD camera after the passage of the
streamer heads [see Figs. 3(a)–3(c)]. This allowed the determination
of the spectral profile of the 1s5→ 2p9 line (see Sec. III D) and to get
a confident value of the line-of-sight integrated Ar(1s5) density in that
region of the MPJ for those operating conditions of the DBD-MPJ.

In contrast, under certain operation conditions, absorption
measurements are not reproducible. This is mainly observed when
raising the applied voltage for values higher than 6.2 kV, or
decreasing it for values lower than 4.2 kV. As so, no absorption
measurements have been performed in those operating conditions,
not even by using the coincidence random event method.

FIG. 4. Mass fraction of argon calculated by a k-ε turbulence multispecies fluid
dynamics model (a) along the longitudinal axis (z-axis) at the center of the
argon jet (i.e., y = 0) for an argon gas flow rate of 750 sccm, (b) along the radial
position at three longitudinal positions downstream from the nozzle of the capil-
lary tube (z = 3.35, 4.85, and 6.35 mm) for an argon gas flow rate of 750 sccm,
and (c) as a function of the argon gas flow rate at the center of the jet (i.e.,
y = 0) and at z = 3.85 mm downstream from the nozzle of the capillary tube.

FIG. 5. Examples of the laser transmitted intensity measured at z = 5 mm
downstream from the nozzle of the capillary tube at the center of the MPJ
(y = 0) for the transitions at 811.531 nm (1s5→ 2p9) and 810.369 nm
(1s4→ 2p7). Electrical waveforms are also shown.
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corresponding to the 1s4→ 2p7 transition was detected even if its
absorption oscillator strength is lower than that of the transition
1s5→ 2p9.

It is interesting to notice the notch in the measured trace of the
laser transmitted signal intensity observed for the two transitions close
to their absorption peaks. The duration of this notch is about 15 ns,
and its amplitude is relatively small. However, a more prominent
effect was observed near the nozzle (see Sec. III F). It is most probably
related to the time varying balance between the various loss and pro-
duction processes of the metastable state taking place during the prop-
agation of the ionization front and in the very early afterglow in the
gas volume probed by the laser beam. It could also be attributed to a
Schlieren spike caused by the density gradients, the small signal varia-
tion being due to the relatively small change in density at low gas tem-
perature. This notch is discussed in more detail in Sec. III E.

Because the MPJ is not so homogeneous in Ar compared to He,
as revealed by the optical radiative emission captured by the ICCD
camera, no attempt was made to determine precisely the radial distri-
bution of the metastable density using the Abel transformation
method. However, it should be noted that amplitude and temporal
evolutions of the absorption signal in the (z,y) plane were found
quite reproducible within 9% (Fig. 6), from one HV pulse to the
next, at a distance between 3mm and 8.5mm downstream from the
nozzle of the tube and for a gas flow rate in the range 550 sccm up
to 1100 sccm. Moreover, the reproducibility of the absorption signal
was found better than the reproducibility of the diffuse pattern of the
plasma observed by the ICCD camera after the passage of the
streamer heads [see Figs. 3(a)–3(c)]. This allowed the determination
of the spectral profile of the 1s5→ 2p9 line (see Sec. III D) and to get
a confident value of the line-of-sight integrated Ar(1s5) density in that
region of the MPJ for those operating conditions of the DBD-MPJ.

In contrast, under certain operation conditions, absorption
measurements are not reproducible. This is mainly observed when
raising the applied voltage for values higher than 6.2 kV, or
decreasing it for values lower than 4.2 kV. As so, no absorption
measurements have been performed in those operating conditions,
not even by using the coincidence random event method.

FIG. 4. Mass fraction of argon calculated by a k-ε turbulence multispecies fluid
dynamics model (a) along the longitudinal axis (z-axis) at the center of the
argon jet (i.e., y = 0) for an argon gas flow rate of 750 sccm, (b) along the radial
position at three longitudinal positions downstream from the nozzle of the capil-
lary tube (z = 3.35, 4.85, and 6.35 mm) for an argon gas flow rate of 750 sccm,
and (c) as a function of the argon gas flow rate at the center of the jet (i.e.,
y = 0) and at z = 3.85 mm downstream from the nozzle of the capillary tube.

FIG. 5. Examples of the laser transmitted intensity measured at z = 5 mm
downstream from the nozzle of the capillary tube at the center of the MPJ
(y = 0) for the transitions at 811.531 nm (1s5→ 2p9) and 810.369 nm
(1s4→ 2p7). Electrical waveforms are also shown.
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quenching of Ar(1s5), i.e. the argon metastables collide with
N2(X) to excite it to the N2(C) state (Penning effect).
Indeed, Penning excitation of N2(C) is a significant reaction
under our experimental conditions, as it is suggested by the
higher determined rotational temperature of N2(C) in
respect to that of OH(A).[19] The emission spectroscopy
results of this study indicate that this mechanism assists
more in the quenching of Ar(1s5) and in the production of
excited N2(C) in the case of the glass target. As so, argon
metastable densities are expected to be lower when using a
glass surface, which is in good agreement with the results
of Figure 6.

3.3 | Application of the APPJ for the
desorption of organic molecules

The maximum radial absolute density of Ar(1s5) at the close
vicinity of both targets varies over one order of magnitude
from ∼1013 (Q= 0.3 l min−1, glass target) to
∼2 × 1014 cm−3 (Q = 0.4 l min−1, alumina target). These
values can be sufficiently high to induce the desorption of

weakly volatile organic compounds (bibenzyl herein)
deposited on both targets. The efficiency of the present
APPJ on the desorption of bibenzyl was, thus, studied for
both dielectric targets at Q = 0.3 l min−1. This Q value
was chosen to avoid (as much as possible) any
morphological modification of the deposits that can be
induced at higher gas flow rates by the gas alone. The
results obtained are presented in Figure 7. The control
specimens (untreated bibenzyl films, before exposure)
are shown in the upper part of Figure 7 (see images (a1),
(a2) and (a3)). It should be noted that the deposits are not
completely homogeneous. The initial liquid solutions
(methanol/bibenzyl) deposited on the lamellae were well
controlled. However, some molecules are lost in the
evaporation process of methanol (see characteristic dark
regions in Figures 7a1, 7a2, and 7a3), which is impossible
to be controlled, and, thus, their loss cannot be avoided.
As so, the quantity of remaining adherent molecules is
not exactly the same in different deposits. Other
deposition methods such as the spin coating technique
were also tried, but the homogeneity of the films was not
improved. The only way to solve this problem is to
eventually change the type of molecules used. This is a

FIGURE 6 2D mappings in the z–r plane of the Nr
Arm for both targets and gas flow rates. The axis of propagation (center of the jet) is

at r= 0mm. Vp = 6 kV, f= 20 kHz
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 JT IJHIFS XIFO VTJOH B HSPVOEFE HMBTT QMBUF�
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that the removal of bibenzyl molecules cannot be due to
thermal effects.

4 | CONCLUSION

In the presentwork, a coaxialDBD reactorwasused to produce
GSs in argon (gas flow rate:Q= 0.3–0.4 l min−1) flowing into
the ambient air. The device was driven by a ns-pulsed high
voltage of 6 kV in amplitude, 224 ± 3 ns in FWHMand 20 kHz
in frequency. GSs impinged on two dielectric targets (alumina/
glass) at floating potential. The presence of the targets led to the
formation of diffuse discharges in the residual channel of the
streamers. This allowed for the application of TDLAS to build
precise spatial (axial-z, transversal-y) and temporal (over a
single voltage pulse period) mappings of the Ar(1s5) absolute
density. Furthermore, Abel inversion was used to obtain the
even more precise Ar(1s5) radial absolute density profiles. So
far, this has never been reported in similar setups (i.e. ns-pulsed
Ar APPJs impinging on targets).

The maximum Ar(1s5) axial/radial density depended
strongly on the target material and the gas flow rate (values
between ∼1013 and 3.5 × 1014 cm−3 were measured). For
both targets, higher Ar(1s5) radial densities were measured

with increasing gas flow rate (from 0.3 to 0.4 l min−1) at the
vicinity of the surfaces. The maximum Ar(1s5) radial
densities were higher in the case of the alumina target. This
was attributed to the different relative permittivity of the
two dielectric materials, which is almost the double for
alumina. Furthermore, the emissions of OH(A–X) and
N2(C–B) were higher in the case of the glass surface. This
resulted from the reduction of the Ar(1s5) density, mainly
due to Penning effects leading to a more efficient excitation
of N2(C) in the presence of the glass target. Otherwise, for
both targets, the temporal profiles of the Ar(1s5) averaged
density revealed two peaks. The first peak was associated
with the Ar(1s5) production in the streamer head, as it
coincided with the appearance of the plasma emission. The
second peak had a higher amplitude for almost all the
operating conditions and spatial positions. Its formation was
attributed to the production of Ar(1s5) in the residual diffuse
channel of the GSs. Different production mechanisms of
Ar(1s5) related with these two peaks were proposed. They
referred to i) the electron impact excitation from ground
state argon (related mainly to the first peak); ii) the radiative
relaxation of 2pi levels; and iii) the radiative recombinations
of argon ions with electrons (the last two processes were
related mainly to the second peak).

The Ar(1s5) effective lifetime (τ) varied between∼25 and
∼300 ns, depending mostly on the axial/transversal position
and on the gas flow rate. The measured values around y0 and
in the axial zone z= 1.5–4 mmwere quite close to τ= 242 ns.
This value is deduced from the effective coefficient (kA)
describing the formation of the excimer molecule Ar2*
through the quenching of Ar(1s5) (3-body reaction).
However, for Q= 0.3 l min−1 and high z/y values, τ was
noticeably lower. Under these conditions, a complex interplay
takes place between the ambient air and the argon jet,
inducing a significant destruction of the argon metastables.
This is due to the rather weak gas channel established at those
positions and for that gas flow rate, allowing a greater
penetration of the air molecules (Ν2, O2, Η2Ο) into the jet,
and, consequently, a higher quenching of Ar(1s5).

Finally, the action of the present APPJ on the desorption
of organic molecules was well demonstrated for both targets
(Vp = 6 kV, f= 20 kHz, Q= 0.3 l min−1). For deposits
treated the same day of their preparation, the effect of the
plasma on bibenzyl was evident after only 10 s of treatment
for both targets. Besides, 15 min of plasma treatment was
enough for the complete removal of bibenzyl. The
experimental results also showed that the molecules can
be desorbed and/or condensed by forming thicker deposit
zones around the impact point from where the molecules
were removed. The role of the Ar(1s5) and oxidative species
in the desorption process was particularly highlighted.
Similar results were obtained by treating bibenzyl deposits
3 days after their preparation. However, the plasma impact

FIGURE 8 Temporal evolution (after the ignition of the plasma)
of the temperature of the reactor's tube (TQuartz, black squares in [a]
and [b]) and of the dielectric targets (red circles, [a]-alumina
[TAlumina] and [b]-glass [TGlass]). The gray stars refer to the room
temperature (TRoom). The blue dashed lines correspond to the Trot of
OH(A) in the APPJ (∼TGas, average value and standard deviation
from 3 axial positions, see Figure 1). Vp= 6 kV, f= 20 kHz,
Q = 0.3 l min−1
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work in progress, and it consists the subject of another
study. However, for the envisaged experiments of the
present work, this issue does not affect the investigation
of the influence of each dielectric target on the desorption
of bibenzyl by the plasma, and a qualitative comparison
can be done (see below).

Firstly, the impact of only the gas flow was studied, by
exposing the bibenzyl films to the argon flow for different
times (texp, from 10 s up to 10 min). In this way, the total
treatment time (ttr) of the deposit was 15 min. Figures 7b1
and 7c1 illustrate bibenzyl deposits after exposure to the
argon flow for 30 s and 10 min, respectively. Comparing
them with the untreated deposit (Figure 7a1), no visible
morphological deformation is seen for texp = 30 s. However,
for texp = 10 min, a small round dark-area appears at the
contact point with the argon gas jet (indicated by a red
arrow in Figure 7c1). Therefore, for Q= 0.3 l min−1 and

texp < 10 min, the impact of only the gas flow can be
considered negligible.

The effect of the plasma on bibenzyl deposits is shown in
Figures 7b2 and 7c2 (when using an alumina target) and
Figures 7b3 and 7c3 (for the case of a glass target). For both
targets, the effect of the plasma is revealed after only 30 s of
exposure (see Figures 7b2 and 7b3). Furthermore, 10 min of
plasma exposure are enough for the (almost) complete
removal of bibenzyl from the region of treatment (see
Figures 7c2 and 7c3). To facilitate the comparison, the results
of Figure 7 are given for two representative exposure times
(texp = 30 s and texp = 10 min, referring to ttr = 50 s and
ttr = 15 min, respectively).

In the case of the glass target, four round-shaped areas
are revealed on the treated deposit for texp = 30 s (see those
characteristic areas numbered in Figure 7b3). Area 1
appears to be dark with a diameter of ∼1.5 mm, which is

FIGURE 7 Images (b1) and (c1): high definition images of bibenzyl molecules deposited on a glass lamella (42 × 42 × 0.2 mm)
and treated only by the gas flow. The effect of the plasma (see white numbers/lines) is shown in images (b2) and (c2) (alumina target)
and (b3) and (c3) (glass target). The corresponding control specimens (before exposure) are shown in images (a1), (a2), and (a3). The
deposits were exposed to the gas/plasma for 30 s ((b1), (b2), and (b3)) and 10 min ((c1), (c2), and (c3)). Vp = 6 kV, f = 20 kHz,
Q = 0.3 l min−1
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Conclusions
• a ns-pulsed Ar APPJ was studied for the fast desorption of resistant bibenzyl deposits placed on glass (at floating-

potential or grounded directly) and alumina plates

• maximum radial densities of the Ar(1s5) of up to 4×1014 cm−3 were measured at the centre of the APPJ

• the profile of the maximum radial density of Ar(1s5) was slightly wider for a grounded glass plate

• the Plasma Desorption Efficacy (PDE) was well demonstrated both on thin and thick bibenzyl deposits, depending on 
the exposure time to the APPJ, but it was much higher and faster for a grounded glass plate

• the bibenzyl removal was attributed to a combined action of Ar(1s5) metastables with oxidative species (such as 
atomic oxygen, hydroxyl radical and ozone) and ions (such as N4

+, Ar+ and Ar2
+)

• thermal effects might also play a synergistic role but only in the case of a glass grounded plate

• this APPJ can be, therefore, adopted in various fields related to the fast desorption of weakly volatile organic 
compounds from different surfaces

• particularly, its joint use with Mass Spectrometry (e.g. detection of prohibited substances such as explosives and drugs)
seems to be very promising for public-security applications
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Abstract
This work presents spatial (axial-z and transversal-y) and temporal distributions of Ar(1s5) metastable
absolute densities in an atmospheric pressure argon micro-plasma jet impinging on an ungrounded
glass surface. Guided streamers are generated with a DBD device driven by pulsed positive high
voltages of 6 kV in amplitude, 224 3o ns in FWHM and 20 kHz in frequency. The argon flow rate
is varied between 200 and 600 sccm. The glass plate is placed at 5mm away from the reactor’s nozzle
and perpendicular to the streamers propagation. At these conditions, a diffuse stable discharge is
established after the passage of the streamers allowing the quantification of the Ar(1s5) absolute density
by means of a conventional TDLAS technique coupled with emission spectroscopy and ICCD
imaging. The good reproducibility of the absorption signals is demonstrated. The experiments show the
strong dependence of the maximum density 0.5 4 10 cm13 3- ´ -( ) on the gas flow rate and the axial
and transversal position. At 200 sccm, high maximum densities 2.4 10 cm13 3> ´ -( ) are obtained in a
small area close to the plasma source, while with increasing flow rate this area expands towards the
glass plate. In the transversal direction, density maxima are obtained in a small zone around the
propagation axis of the streamers. Finally, a noticeable increase is measured on the Ar(1s5) effective
lifetime close to the glass surface by varying the flow rate from 200 to 600 sccm. In overall, the
effective lifetime varies between ∼25 and ∼550 ns, depending on the gas flow rate and the values of z
and y coordinates. The results obtained suggest that the present system can be implemented in various
applications and particularly in what concerns the detection of weakly volatile organic compounds
present in trace amounts on different surfaces.

Keywords: DBD, atmospheric pressure micro-plasma jet, dielectric surface, argon, emission
spectroscopy, absorption spectroscopy, metastable absolute density

1. Introduction

During the last decade, the so-called atmospheric pressure
micro-plasma jets (APMPJs) have attracted the attention of the
physical, chemical and medical societies. This is owed not only
to their practical and physical features, but also to their modern
applications. APMPJs are mainly generated in noble gases such

as Ar and He by means of DBD-based reactors (coaxial, parallel
plate, single electrode, K). These devices can be driven by
different types of power supplies such as pulsed, sinusoidal and
radio frequency (rf) [1, 2]. Although that the discharge appears
as a continuous plume in APMPJs, in fact it consists of ultrafast
discrete structures widely known as either ‘plasma bullets’ [3–5],
or guided streamers (GSs) [6–11], or guided ionization waves
(GIWs) [12–14]. Actually, the GSs are confined in the operating
noble gas channel, which offers a higher direct ionization

Plasma Sources Science and Technology

Plasma Sources Sci. Technol. 27 (2018) 065003 (22pp) https://doi.org/10.1088/1361-6595/aac5b3

1 Authors to whom any correspondence should be addressed.

0963-0252/18/065003+22$33.00 © 2018 IOP Publishing Ltd1

Eur. Phys. J. Appl. Phys. (2016) 75: 24713
DOI: 10.1051/epjap/2016150594

THE EUROPEAN
PHYSICAL JOURNAL
APPLIED PHYSICS

Regular Article

Impact of an atmospheric argon plasma jet on a dielectric
surface and desorption of organic molecules!
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Abstract. The propagation of a DC-pulsed argon plasma jet through the surrounding ambient air, and
its interaction with an ungrounded glass plate placed on the jet trajectory, was studied by means of
fast imaging. The surface plays an important role in the spatio-temporal characteristics of the plasma.
Indeed, for an argon jet propagating perpendicularly to the surface, the plasma jet structure changes from
filamentary to diffuse when the distance between the nozzle of the capillary tube and the surface is short
(≤10 mm). Changing the angle between the capillary tube and the glass plate, and varying the gas flow
rate strongly affects the spatial extension of the plasma that develops on the surface. This surface plasma
propagates while the plasma in the argon jet is maintained with the same luminous intensity. Finally,
this plasma jet shows interesting characteristics for desorption of low volatile organic molecules such as
bibenzyl. A maximum removal of bibenzyl is located at the intersection area between the jet axis and the
glass surface, and some of the initially deposited molecules are found intact in gas phase.

1 Introduction

As emphasised by recently published review articles [1–3],
low temperature atmospheric plasma jets using rare gases
(He, Ar) have been the subject of numerous studies for
several years, due in particular to their interest for differ-
ent types of applications like material processing or bio-
medicine [4–11]. These micro-plasmas can also be used in
chemical analysis with mass spectrometry, for example in
the detection of low volatile organic molecules adsorbed on
surfaces [12–14]. For such an application, the understand-
ing of the interaction between the plasma jet and the sur-
face is of great importance. In the present work, an argon
jet propagates in ambient air and meets an ungrounded
glass plate. A HV-pulsed dielectric barrier micro-discharge
is used to generate guided streamers propagating in the
rare gas and impacting the solid surface. The effect of
this obstacle on the spatio-temporal characteristics of the
plasma is described using a fast imaging technique cap-
turing the total plasma emission. The role of three impor-
tant experimental parameters is studied in more detail:
(i) the distance between the nozzle of the capillary tube
and the surface, (ii) the angle between the axis of the

a e-mail: stephane.pasquiers@u-psud.fr
! Contribution to the topical issue “6th Central European

Symposium on Plasma Chemistry (CESPC-6)”, edited by
Nicolas Gherardi, Ester Marotta and Cristina Paradisi

capillary tube and the surface, (iii) the argon gas flow rate.
The effect of the plasma jet on a sample of bibenzyl
(C14H14) deposited on a glass plate is examined using a
binocular magnifying-glass and gas chromatography
(GC-MS).

2 Experimental set-up and electrical
parameters

The plasma jet is generated from a dielectric barrier dis-
charge (DBD) like those previously used in references
[15,16]. It is made of a quartz capillary tube with inner
and outer diameters of 1.7 mm and 4.3 mm, respectively.
A grounded copper foil electrode, 1 cm long and 100 µm
thick, is wrapped around the external side of the dielec-
tric at a distance of 5 mm from the nozzle. A capillary
electrode, with an inner diameter of 1.2 mm, is glued
inside the dielectric tube at a distance of 10 mm from the
nozzle.

The DBD is driven by high-voltage pulses produced
by a homemade power supply, and the discharge electrical
parameters are measured using adapted probes connected
to a digital oscilloscope. The spatio-temporal evolution
of the plasma emission is investigated using an ICCD
camera (Princeton Instrument PIMAX-3) equipped with a
UV-macro lens (EADS Sodern CERCO2178 F/2.8,
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ABSTRACT

Atmospheric microplasma jets (MPJs) sustained in rare gases have gained increased attention due to their potential to generate highly
reactive species. In this paper, we present space- and time-resolved argon metastable densities, Ar(1s5), measured in an atmospheric pressure
MPJ operated in Ar and propagating into ambient air using tunable diode laser absorption spectroscopy (1s5→ 2p9 optical transition).
The MPJ was produced using a dielectric barrier discharge energized by short duration (230 ns) high-voltage positive pulses (4.2–6.2 kV) at
a repetition frequency of 20 kHz. The spectral absorption line profile was recorded and allowed measurements of the absolute metastable Ar
(1s5) density integrated in the line-of-sight of the laser beam under various operating conditions of the MPJ. The results reveal a sensitive
dependence of the Ar(1s5) density on spatial coordinates, i.e., distance from the exit of the capillary tube of the discharge and from the axis
of the argon jet. The highest Ar(1s5) densities of about 3 × 1013 cm−3 were measured at the axis of the argon jet at longitudinal distances
between 4 and 5.5 mm downstream from the nozzle of the tube. The temporal distribution of the Ar(1s5) density, which presents three
maxima, is thoroughly discussed in this paper. The spatial distribution of the effective Ar(1s5) lifetime (<250 ns) is also reported, giving
some insight into the surrounding environment of the argon metastable atoms. The determined spatiotemporal distributions of the Ar(1s5)
density can be useful for the optimization of argon MPJs for different applications like surface or biomedical processes.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5096407

I. INTRODUCTION

There has been a growing interest in the study of low tempera-
ture atmospheric pressure microplasma jets (MPJs) of rare gases
propagating into ambient air due to their attractiveness for various
applications. Because of their potential to generate highly reactive
species at low gas temperature (lower than 400 K), MPJs are useful
for biomedical studies1–7 as well as for surface treatment and
modification,8–11 or chemical analysis with mass spectrometry, for

example, in the detection of low volatile organic molecules
adsorbed on surfaces.12–15 Rare gases like helium (He),16–25 argon
(Ar),26–28 and neon (Ne),29,30 as well as with small admixtures of
other gases,31,32 have been often used as carrier gases to generate
MPJs in various configurations. The behavior of such plasma jets
propagating into ambient air has been extensively investigated. In
particular, absorption laser-based diagnostics have been commonly
used for studying atmospheric pressure MPJs.33
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The present work is devoted to the precise spatiotemporal mapping of the absolute
density of Ar(1s5) in a ns-pulsed argon plasma jet. The plasma impinges on glass and
alumina targets at floating potential placed 5 mm away from the reactor's nozzle.
Under these conditions, diffuse discharges are established in the small gas gap. As so,
the line-of-sight absolute density of Ar(1s5) is effectively evaluated via laser
absorption spectroscopy. The application of the Abel-inversion is also demonstrated
for different operating conditions leading to the precise radial mapping of the Ar(1s5)
absolute density. The influence of each target is studied for two gas flow rates, 0.3 and
0.4 l min−1. The temporal density profiles over a voltage pulse period reveal two
maxima related with the Ar(1s5) production in the streamer head and in the residual
diffuse plasma channel. Furthermore, the maximum Ar(1s5) axial/radial density
(∼1013− 3.5 × 1014 cm−3) depends on the target material and gas flow rate.
Finally, the plasma is proved to
be very effective for the fast
desorption of organicmolecules
(bibenzyl) deposited on both
targets. The results obtained
suggest that the desorption of
bibenzyl is due to the produc-
tion of high Ar(1s5) densities at
the close vicinity of the targets.

KEYWORDS

argon metastables, argon plasma jet, dielectric targets, laser absorption spectroscopy, organic

substances, physical and chemical desorption, volatile organic compounds

1 | INTRODUCTION

During the last 15 years, Atmospheric Pressure Plasma Jets
(APPJs) in the form of Guided Streamers (GSs)[1–2] have been

widely studied by many groups. APPJs can be obtained
through the excitation/ionization of a noble gas (usually
argon[3–5] or helium[1,2,4,6,7]) by means of rf, kHz-sinusoidal
and -pulsed high voltages (HV).[1–10] Besides, they exhibit

Plasma Process Polym. 2018;e1800080. www.plasma-polymers.com © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim | 1 of 16
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