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Microwave plasma sources (MPSs) operating at atmospheric pressure provide plasmas in the form of a flame or
cylindrical column. In contrast, this article presents an innovative MPS (patented by us) for generating a new type
of plasma, i.e. in the form of a plasma sheet, which is generated in a flat cuboidal quartz box. It is based on a WR
340 waveguide, powered by microwaves of 2.45 GHz and operated in argon at atmospheric pressure. The plasma
sheet contains a multitude of filaments typical of microwave argon plasmas. In the presented experiment, the
spatial distribution of the OH radicals in the microwave plasma sheet was measured by means of the LIF method.
Studies have shown that the relative concentration of OH radicals increases with the increase in microwave
power and decreases with the increasing argon flow rate.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Microwave plasmas that are generated by delivering microwave
power for gas ionisation the advantage that they usually do not require
the use of electrodes, which in turn eliminates problems associated with
electrode degradation. The MPS presented in this article has been pat-
ented by us [1]. The overall characteristics of this device have recently
been presented by us in [2]. The generated plasma is in the form of a
sheet, and this shape is convenient in the surface treatment of materials
and the treatment of biological material. In applications including,
among others, hydrophilisation, hydrophobisation, graftability,
adhesability, printability and surface sterilisation, the key role of OH
radicals produced by plasma is evident [3]. Therefore, monitoring OH
production during the plasma treatment is important.

Up to now, various methods have been applied for the investigation
of OH radicals [4-16]. These methods include optical emission spectros-
copy (OES) [4,5], absorption spectroscopy (AS) [6-8], laser-induced
fluorescence (LIF) [9,10], electron spin resonance (ESR) [11,12], mass
spectrometry (MS) [13] and the chemical probe method (CP)
[10,14-16]. Among the methods used for OH monitoring, it is laser-
induced fluorescence (LIF) that has shown to have higher sensitivity
and selectivity than other methods [17].

* Corresponding author.
E-mail address: dczylkowski@imp.gda.pl (D. Czylkowski).

https://doi.org/10.1016/j.saa.2019.117268
1386-1425/© 2019 Elsevier B.V. All rights reserved.

The LIF technique in the monitoring of OH radicals has been used for
various types of plasmas, e.g. for an RF plasma jet in Ar [18,19], a nano-
second pulsed filamentary discharge in Ne [20], and a DC positive co-
rona discharge in air [21].

As our device generates a new type of plasma, its properties are still
poorly understood. The LIF diagnostic investigations of our new plasma
type are justified because they belong to the first ones concerning this
research object.

2. Measuring method

The LIF method for measuring the concentration of a given gaseous
species consists of the excitation of this species using laser radiation
and afterwards in measuring the intensity of the fluorescence radiation
induced by the laser radiation [22]. Usually the laser induced fluores-
cence is comprised of the emission of several spectral lines that are char-
acteristic of a particular species. The intensities of the induced
characteristic lines are proportional to the concentration of the species.
In order to excite a given molecule in the selected quantum state to a
higher energy state by laser radiation, the radiation frequency has to
be tuned to the quantum transition between those two states. Since
generally there are only several laser lines that excite a given molecule
and induce its fluorescence, and only several corresponding emission
spectral lines, usually the set of these lines enables a molecule to be
identified, even in a complex gas mixture.
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Fig. 1. Energy level diagram of the OH radical.

In this experiment, the relative concentration and spatial distri-
bution of the OH radicals in the microwave plasma sheet was mea-
sured by means of the LIF method. The method is based on the
selective excitation of the OH radicals (Fig. 1) from the rotational-
vibrational X?I'1(v” = 0) to states in the rotational-vibrational band
AZ3T(v/ = 1) by a laser line around the wavelength of N =
282 nm. Before the LIF measurement was performed, the LIF spec-
trum (LIF signal vs excitation wavelength) was taken and compared
to a simulation from LIFBASE. Thus, all vibrational states around
282 nm were identified as was described in [23]. For this experiment,
the transition Q;(1) + Q21(1) (281.92 nm) was chosen due to it hav-
ing the strongest fluorescence signal. The LIF signal was observed at
around 309 nm [A%S + (v = 0) - X?T1(v" = 0)] [9,10].

3. Experimental setup

This chapter has been divided into two sections. The first section
(Section 3.1) presents and describes the general experimental setup,
which includes the devices necessary to generate a microwave plasma
sheet and auxiliary devices. Also, a picture of the actual microwave
plasma sheet generated in the experiment is shown. The second section

Fig. 3. A picture of the main part of the MPS with the microwave plasma sheet generated in
atmospheric pressure argon. Argon flow rate - 20 L/min™!, microwave power - 850 W.

(Section 3.2) presents the experimental setup for the OH LIF
measurement.

3.1. Experimental setup for plasma sheet generation

The general scheme of the experimental setup with the microwave
plasma source (MPS) for the plasma sheet generation is shown in
Fig. 2. The main part of the MPS with generated plasma is shown in
Fig. 3. The microwave power is supplied from a magnetron generator
[CEFEMO 2M240H(Y) magnetron head equipped with DIPOLAR
Magdrive1000 high voltage power supply and ferrite isolator] to the
MPS via a rectangular waveguide (WR 340 standard) equipped with a
calibrated directional coupler and 3-stub tuner. The directional coupler
makes it possible to measure the power of incident (P;) and reflected
(Pr) microwaves, and thus the microwave power supplied to the MPS
(Pa = Py — Pgr). The 3-stub tuner (a kind of matching circuit) allows
the power of the reflected microwaves to be minimised, and

Fig. 2. General scheme of the experimental setup with the MPS for the plasma sheet generation.
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Fig. 4. Diagram of the experimental setup for LIF measurements.

subsequently, to reduce microwave power loss. The main element of the
MPS is a flat cuboidal quartz box to which the working gas (argon) is
being supplied. Two argon inlets are introduced into the box through
two opposite channels located in its upper part. The inner dimensions,
i.e. length, width and thickness are 119 mm, 47 mm and 1 mm, respec-
tively. The box protrudes 2 mm above the wall of the waveguide. Inside
the quartz box, a microwave discharge occurs, leading to the formation
of a plasma in the form of a sheet. The generated plasma protrudes out-
side the quartz box. The distance to which the plasma protrudes de-
pends on the microwave power and argon flow rate delivered to the
MPS.

During the experimental investigations the presented MPS was op-
erated with an argon flow rate between 10 L min~! and 30 L min '
and with the absorbed microwave power being varied between
300 W and 850 W.

In Fig. 3, a photo of the actual microwave plasma sheet is shown, in
which the measuring area of the LIF diagnosis is marked. The visible
plasma sheet is generated at an argon flow rate of 20 L/min™! and a mi-
crowave power of 850 W delivered to the MPS.

3.2. LIF apparatus for OH measurements

The spatial distribution of the OH radicals in the argon microwave
plasma sheet was measured using the LIF method with the experimen-
tal setup shown schematically in Fig. 4.

In order to excite the OH radicals in the microwave plasma sheet,
a tunable dye laser (Quantel TDL+) with a Rhodamine 590 pumped
by the nanosecond Nd:YAG laser (Quantel Q-smart) at \ = 532 nm
was used. The dye laser radiation frequency was doubled using
second-harmonic generation resulting in a radiation wavelength of
N = 282.367 nm tuned to the excitation transition of the OH radicals.
The laser pulse energy and width were respectively E; = 8.1 m] +
0.4 mJ and t; = 10 ns. A laser sheet (of thickness of 0.5 mm and
height of 30 mm) formed from the laser beam by a cylindrical tele-
scope was introduced into the microwave plasma sheet in such a
way that it overlapped with the plasma sheet plane. The power den-
sity of laser pulse in plane of plasma formation was 5.4-10° W/cm?.
The OH fluorescence radiation (A = 309 nm) was recorded using
an ICCD (Intensified CCD) camera placed perpendicularly to the
laser sheet, as shown in Fig. 4. The ICCD camera was equipped with
a narrow bandpass optical filter (FWHM N = 10 nm) matched to
the wavelength of the OH fluorescence radiation. The time relations
of the ICCD camera gate signal fixed at 100 ns and the laser pulse sig-
nal are shown in Fig. 5.

Fig. 5. Laser pulse (t; = 10 ns) and ICCD camera gate signal (t; = 100 ns). Laser pulse was
registered using Thorlabs DET10A/M photodiode (raise time of 1 ns).

4. Results and discussion

The production of OH radicals in the presented microwave discharge
is based on the dissociation of water vapour in collisions either with
electrons or excited argon atoms [24]:

H,0 +e—0OH+H +e, k
=23x107"2-1.8 x 107 "°cm3s !

)

H,0 + Ar
—~OH +H +Ar, k

=2.1x10""%cm3s .

The use of argon as the working gas is vital, mainly for two reasons.
Firstly, the properties of argon, in contrast to molecular gases, allow a
convenient plasma shape in the form of a sheet to be obtained at a rel-
atively low microwave power level (~300-+-850 W). Secondly, argon
plasma has a relatively low temperature (~800--1000 K), which is an

Fig. 6. Emission spectrum of microwave plasma sheet discharge. Microwave power:
850 W, Argon flow rate: 20 L/min"".
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Fig. 7.a) Direct emission single image (ICCD gate: 100 ns, no filter), b) Direct emission averaged image (over 100 single images), c) LIF single image (ICCD gate: 100 ns, 309 nm narrowband
filter), d) LIF averaged image (over 100 single images). Light intensity in direct emission and LIF images is not to scale. Microwave power: 620 W, Argon flow rate: 20 L/min™', LIF laser pulse
energy: 8,0 mJ, laser wavelength: 282,372, laser pulse repetition rate: 10 Hz. Black rectangle - nozzle.

advantage for the functioning and life of the device. The plasma sheet
contains many filaments characteristic of microwave argon plasmas
generated at atmospheric pressure. The phenomenon of filamentation
is not yet fully understood, but its causes can be attributable to the
skin effect and the low thermal conductivity of argon [25]. The skin ef-
fect limits the penetration of the microwave electric field into the
plasma, and thus determines the upper limit of the filament's radius.
The low thermal conductivity of the gas induces fast radial changes in
the gas temperature in the plasma.

The presence of the OH radicals in the discharge can be confirmed by
emission spectroscopy. In Fig. 6, the typical emission spectra are pre-
sented where the OH emission is visible around 310 nm. However,
only the excited molecules can be detected by emission spectroscopy.
To obtain information about the distribution of OH in a ground state,
the planar LIF method was applied. In this experiment, we studied the
relative concentration of the OH radicals as a function of microwave
power and argon flow rate. Using the LIF method, we can also study
the temporal decay of the OH radicals in the microwave plasma.

We captured the fast gated images (gate time was 100 ns) of the mi-
crowave plasma sheet by means of a traditional direct emission imaging
method. The fast gated images indicate that the plasma sheet is com-
posed of individual plasma filaments (Fig. 7a) with a diameter of ap-
proximately 0.5 mm and a length of 10 mm. We observed that
individual plasma filaments can branch into two filaments. It was
found that the plasma filaments appear in random places on the plasma
sheet. Fig. 7b shows an averaged image of the plasma sheet composed of
100 summarised fast gated images. The slight asymmetry of the plasma
intensity in the horizontal direction seen in Fig. 7b is the effect of the
non-uniform gas flow in the quartz box. A single LIF image showing
the spatial distribution of the OH radicals in the plasma sheet, and a
LIF image averaged over 100 individual single LIF images are presented
in Fig. 7c and d, respectively. Fig. 7c reveals that the OH radicals are pro-
duced uniformly in the whole plasma sheet and not only in the close
proximity of the plasma filaments. The length of the OH production
area is about 10 mm and is similar to the length of the plasma filaments.
The averaged OH image (Fig. 7d) shows the asymmetry in the OH

relative concentration due to nonuniformity in the gas flow, similar to
that observed in the plasma sheet (Fig. 7b).

In Fig. 8, the temporal behavior of the LIF OH signal is presented. The
data presented in the plot was averaged over 30 measurements. Fig. 8
shows that the LIF signal decreases exponentially with elapsing time
and within 200 ns the LIF signal decreases to about 5% of its maximal in-
tensity (measured for time delay of 0 ns). We have found that for times
longer than 200 ns the intensity of the LIF signal approached the sensi-
tivity limit of the ICCD camera limiting the practical measuring time
window to about 200 ns.

The LIF OH signal from the microwave discharge with an argon flow
rate of 10, 20 and 30 L min~"' as a function of microwave power is

Fig. 8. Normalized LIF signal intensity as the function of ICCD gating time delay in respect
to the laser pulse. ICCD gating time width: 30 ns.
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Fig. 9. Normalized LIF signal intensity as the function of microwave power for three values
of argon flow rate. ICCD gating time width: 100 ns.

shown in Fig. 9. The data was averaged from over 100 measurements. As
seen in the figure, the LIF OH signal from the microwave discharge, thus
the relative concentration of the OH radicals, increased with increasing
microwave power delivered to the MPS. This increase could be ex-
plained by the increase of the electric field in the plasma region with
the increasing microwave power. The higher electric field is the cause
of the increase in the number and the energy of electrons leading to
the increased number of OH radicals generated in collisions between
the water vapour molecules and the energetic electrons and excited
argon atoms. Increasing the argon flow rate at constant microwave
power resulted in reducing the residence time of the gaseous species
in the plasma region, thus as can also be seen in Fig. 9, increasing the
argon flow rate resulted in lower values of the relative concentration
of the OH radicals.

5. Summary

This paper presents the relative concentration and spatial distribu-
tion of OH radicals in a new kind of plasma, i.e. a microwave plasma
sheet generated in atmospheric pressure argon, measured by means of
the LIF method. It was found that the relative concentration of the OH
radicals increases with the increase in microwave power and decreases
with the increasing argon flow rate. The LIF OH images suggest that the
OH generation occurs mainly in the filaments of microwave discharge.
However, thanks to the random distribution of the filaments in the dis-
charge, the resulting OH distribution in the steady state is quite uniform.
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