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Abstract

The aim of this work is to optimize the operation of a multimaterial optical fiber device to generate a
stabilized electrically-induced micro-plasma. The fiber is composed of a polymer cladding with a central
hole surrounded by two cylindrical metal electrodes. When a DC voltage of 1.2 kV is applied between
electrodes, an air micro-plasma is generated at the tip of the fiber. In order to stabilize the discharge,
studies are focused on the modification of the electrical properties of the fiber tip by covering the
electrodes with resistive layers. A comparison between two different layers (semi-conductive and semi-
insulating) is shown. Characterizations were also performed for the fiber (head and length), and the
plasma (imaging, spatial and temporal stability). The results show the effectiveness of the method to
cover at least one of the electrodes by the semi-insulating layer to generate a permanent and stable
discharge. In fact, this method allowed to increase considerably the lifetime of our technology and avoid
the electric arcs leading to high instabilities. According to the Optical Emission Spectroscopy (OES),
the species generated by the fiber-plasma device were identified.

The combination of the characteristics of optical fibers with the properties of plasma allows diverse
potential applications, such as gas detection in remote, confined, or harsh environments, high-level
disinfection and sterilization of medical equipment or high-quality surface treatment (micrometric
scale).

Keywords: Preform-to-fiber drawing, multimaterial optical fiber, air cold micro-plasma, resistive layer,
resistive barrier discharge



I Introduction

A new family of hybrid multi-purpose optical fibers composed of conductors, semiconductors
and insulators has recently emerged. These multifunctional fibers combining special optical, electrical,
or mechanical assets are fabricated using conventional preform-based fiber-processing methods [1-5].
Furthermore, the merge of optical fibers technology and plasmas has a great interest to meet some
requirements in the industrial and medical fields, such as the optical diagnostics in remote, confined, or
harsh environments [6-10], the treatment of tumors in internal organs (lungs, pancreas, duodenum) [11-
13], etc. Here the fibers are commonly used to transmit plasma optical emissions to detectors for various
optical diagnostics [6-10]. However, other studies have shown that fibers can not only transmit light but
also generate a plasma [11-13]. A micro-plasma jet device is fabricated using a hollow-core optical glass
fiber. This device operates with a noble gas as the working gas (helium or argon) and using a high
frequency power supply (in the kHz to MHz range). It has a conventional configuration of the Dielectric
Barrier Discharge (DBD), as described in [11-13].

Recently, we proposed a new type of optical fibers to generate a micro-plasma, which can
operate with air as the working gas and using a DC power supply [14]. A special hollow cylindrical
multimaterial fiber structure is fabricated to generate a plasma at its tip. It is composed of a polymer
cladding with a central hole surrounded by two cylindrical metal electrodes. When a DC voltage of 1.2
kV is applied between the electrodes, the air plasma at atmospheric pressure is generated. The results
shown the efficient of this device for gas detection [14]. However, due to the high electron—neutral
particles collision frequency (10'"'? /s), the glow discharge is turned into an electrical arc. The arc is
known as a highly unstable discharge, which can reach very high temperatures [15]. Then, it can degrade
not only the electrodes but also any surface in contact, which makes it difficult to use for most
applications. For that, the main aim of this work is to optimize the operation of our technology by
generating a stable cold micro-plasma while avoiding the electric arc.

One of the most widely used approaches to avoid the electrical arcs at atmospheric pressure is
the DBD: a dielectric (electrical resistivity p > 10* Q.cm) is used to cover at least one of the electrodes.
One of the DBD limitations is that it needs to be operated with frequencies ranging from the kHz to the
MHz. This requires special high voltage power supplies at those frequencies, which added complexity
for operating system. This shortcoming was overcome by replacing the dielectric barrier by a high
resistivity layer (p < 10® Q.cm). Doing so allowed the extension of the frequency range all the way down
to 0 Hz (DC). In this case, the device is known as a Resistive Barrier Discharge (RBD) [16-21].

In order to propose a simple assembly system, we tested in this work the feasibility of covering
the electrodes with a high resistivity layer. A comparison is presented between two different layers:
semi-conductive (p; = 10° Q.cm) and semi-insulating (p>= 10° Q.cm). Different designs of the head of
the fiber with deposited layers are proposed and studied. For each case, the lifetime of the fiber-plasma
technology is recorded. Characterizations were also performed such as the stability of the system, and
the identification of generated species.

This technology combines the characteristics of optical fibers (several tens-of-meters
micrometric tube, good mechanical properties), with the properties of plasma (partially ionized gas
containing electrons, ions, atoms and molecules in the ground or excited state, radical species, and
quanta of electromagnetic radiation). For that, the potential application areas of our technology are very
diverse, such as the detection of gases and organic vapors [14, 22], the inactivation of bacteria [16-21],
and the surface treatment of different materials (cleaning, coating, painting, and adhesive bonding) [23].

The paper is structured as follows. Section II describes the experimental setup. The results with
discussions are presented in Section III. Finally, the last section summarizes the main achievements and
the conditions for optimizing the operation of the fiber-plasma technology.



IT Experimental setup

The multimaterial fiber is fabricated by the direct preform-to-fiber drawing method. It is a hollow
cylindrical fiber composed of a ~620 pm polyether-sulfone (PES) cladding with a central hole of ~150
um surrounded by two ~50 pum tin electrodes themselves separated by a ~250 um gap. Details of the
drawing process are described in reference [14]. Due to its mechanical properties, the fiber is easy to
process and manipulate (connection of embedded electrodes, bending, etc.). Abrasive machining on both
sides of the fiber is required to connect laterally the electrodes to a DC generator (Branderburg Alphalll).
The electrodes at the tip of the fiber were covered with resistive layers (porous ethylene-propylene
rubber tape p;= 10° Q.cm, and porous polyvinyl chloride tape with adhesive rubber p,= 10° Q.cm) using
a stereo microscope (OLYMPUS SZX10). To prevent unwanted discharges, the electrodes at the second
tip of the fiber were covered with insulators (epoxy resin with p’ = 10" Q.cm).

An optical system for imaging was mounted. A Sony alpha A7S II camera is coupled to a microscope
objective 10X, using two lens tubes (L = 5 cm), a plano-convex lens (f = 5 cm) and corresponding
adapters. The system is connected to a software (Imaging Edge) to process the photos. The sketch of the
experimental setup is shown in Fig.1.

By applying a potential of 1.2 kV, an air micro-plasma is generated at the tip of the fiber between
electrodes. Plasma radiation is collected and then injected into a circle-to-linear bundle detector of 19
optical fibers (each fiber is 2 m long and has a 100 pm core diameter) by a 5 cm converging lens and
finally introduced into a Czerny-Turner spectrometer (Kymera 328i, Andor) equipped with a 1200 /mm
grating blazed at 300 nm. An intensified CCD camera (iStar CCD 340, Andor) enables the tuning of the
delay and gate parameters, as well as the gain, for signal amplification.

The DC electric current is measured using a multimeter placed between the fiber and the generator (see
Fig.1).
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Fig. 1. Sketch of the experimental setup.



III Experimental results and discussion

In order to optimize the operation and improve our technology, studies focus on the modification of the
electrical properties of the fiber by covering the electrodes with resistive layers (section 3.1).
Characterizations were also performed for the system (section 3.2), such as the stability (3.2.1), and the
identification of generated species (3.2.2).

3.1 Optimization of the fiber-plasma technology

Previous studies have shown the ability of the RBD to generate a stable cold plasma at atmospheric
pressure [16-21]. This discharge is somewhat similar to the DBD configuration, but instead of a
dielectric barrier (p > 10® Q.cm), a high resistivity layer (p < 10° Q.cm) is used to cover at least one of
the electrodes. The high resistivity sheet plays the role of a distributed resistive ballast, which helps
avoid the discharge from localizing and inhibits the current from increasing to high values and turning
the discharge into an electrical arc [16].

In order to study the effect of the resistive layer for our discharge, the electrodes at the tip of the fiber
were covered with resistive layers. Three different designs of the fiber head are proposed and studied
(D1, D2, and D3, see Fig.2). A comparison between two different layers is also presented: semi-
conductive layer (p;= 10° Q.cm) and semi-insulating layer (p,= 10° Q.cm).

As shown in Fig.2, D1 presents the fiber head without adding any resistive layer; this is the same design
used in reference [14].

For D2, the electrodes were covered with semi-conductive layers. D3 has the same shape as D2 but
using semi-insulating layers.
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Fig.2. Photo and sketch for the fiber head for different designs (D1, D2, and D3).



By applying a DC voltage of 1.2 kV, the plasma is generated between electrodes for all designs of fibers.
The lifetime of fiber-plasma technology is recorded for each case. For each design, the experiment was
repeated four times using different fibers (four tests presented in Fig.3). We define #., as the overall
duration of the performed experiments, in this section #,s = 240 min.

As shown in Fig.3, for all performed tests, the lifetime is only a few minutes for designs D1 and D2.
The electrodes are totally degraded after discharge. However, for design D3, the fibers remained
functional after four hours (240 minutes) of discharge without damaging the electrodes.

Indeed, for D1and D2, the glow discharge is turned into an electric arc. So, the semi-conductive layer is
not effective to avoid it. However, based on the results of D3, we can conclude that the deposition of
the semi-insulating layers on the electrodes allows to prevent their degradation, and increase the lifetime
of fiber-plasma technology by at least 24 times. So, we have shown the efficiency of the RBD for a
novel plasma reactor (using optical fiber), and greatly improve the lifetime of our technology.

It should be noted here that the duration of experiments is limited to four hours (240 min) because it is
sufficient for most applications [16]. However, as we were able to generate a RBD with the fiber using
the design D3, we can expect a permanent discharge as shown in references [16-21].
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Fig.3. Lifetime of the fiber-plasma technology for the designs D1, D2, and D3 measured for four
different tests (Vo=1200V, ties/=240 min).

On the other hand, for design D3, we noticed that the plasma moved far from the central position. For
this reason, and in order to direct the plasma to a less resistive and shorter path, we proposed a final
design, noted D4. For design D4, only one electrode was covered with the semi-insulating layer, and
two semi-insulating layers are also deposited on both sides of the second electrode as shown in Fig.4
(a). The fiber remained functional after four hours of discharge (240 minutes) without damaging the
electrodes as the case of design D3. So, we can conclude that the deposition of the semi-insulating layers
on at least one electrode is sufficient to prevent the electric arcs. On the other hand, the deposition of
semi-insulating layers on both sides of the second electrode facilitated the stabilization of the plasma
position between electrodes during discharge. Photos of plasma during different times of the discharge
using design D4 are shown in Fig.4 (b). Plasma remains in the same position and well centered between
the electrodes at different times of discharge. For that, the following studies were carried out using this
design.
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Fig.4. (a): Photo and sketch for the fiber head for design D4, (b): photos of the fiber head at different
times of the discharge (V,=1200V, ti.s=240 min, design D4).

3.2. Characterization of the fiber-plasma technology

3.2.1 Stability of the system

To study the stability of the system for different applied voltage (V,), two values are compared in this
section (1200 and 1600 V). As shown in Fig.5 (a), for V,= 1600 V the plasma appears brighter, but it is
still well centered between the electrodes. We have also measured the DC electric current for each
voltage. As expected, it is higher for 1600 V (see Fig.5 (b)). Indeed, the current is directly proportional
to the number of electrons, and a higher applied voltage increases the number of charged particles in the
plasma (electrons and ions). As shown in Fig.5 (b), for both voltages, the current increases only during
the first tens of seconds, then it remains constant until the end of the experiments (#.,= 180 min), which
shows a stable discharge for both cases.

On the other hand, a voluntary cycling study is also presented. The cycling ratio is defined by dividing
the active time by the period. An example, for a ratio of 0.75 is shown in Fig.6. For the active times,
noted ON (V,= 1200 V), the plasma is generated and well centered between electrodes, the electrical
current increases during the first tens of seconds, and it remains constant with a value of 30 pA (£2). It
is turned zero during the inactive time, noted OFF in Fig.6 (V,=0 V).

So, we have shown the stability of our device with a continuous discharge up to a few hours (Fig.5) or
with a cycling ratio (Fig.6). We have also demonstrated the reproducibility of the discharge generated
by measuring the same value of electric current for the same voltage (V,= 1200 V and i = 30 pA see
Fig.5 (b) and 6).
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Fig.5. (a): Photos of the fiber head at different times of discharge, (b): temporal evolution of the electric current
(Va= 1200 and 1600 V, tiess =180 min).
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Fig.6. Temporal evolution of the applied voltage (V,) and the electric current (i) with a voluntary cycling ratio of
0.75.

It should be noted here that the length of the hybrid fiber PES/Sn is monitored during drawing process.
Several tens-of-meters of polymer metal structure can be fabricated. Before the plasma experiments,
we have checked for each fiber the continuity of the electrodes by measuring the electrical resistance
(the circuit was closed using silver lacquers). We tested the cases of fibers with different lengths from a
few centimeters to a few meters. All fibers remained functional and showed a same behavior. We can
conclude that the plasma properties depend on the continuity of the electrode along the fiber, the
deposited resistive layers, and the applied voltage but not on the length of the fiber.

3.2.2 Identification of generated species

According to the Optical Emission Spectroscopy (OES), the species generated by the fiber-plasma
device are identified. The optical spectrum is shown in Fig.7. It shows emission lines of OH(A-X) (~309
nm), various of the second positive system (SPS) of N> (300-450 nm), the first negative system (FNS)
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of N2" (350-450 nm), and the atomic line Ha (656.3 nm). The spectrum is dominated by the peaks
related to the N> and N»*, mostly due to the very high concentration of molecular nitrogen in air
atmosphere [24].

Atmospheric pressure air plasma is an attractive technology because it is easy to set up and handle, low-
cost and safe. The progress in using air reduced the need for noble gases to be used as working gas to
generate plasma without affecting its effectiveness. Therefore, in recent years, the interest in the
production of this plasma has increased significantly [25-27]. To contribute to these advancements, in
this work, we propose a high flexible new reactor based on hybrid fibers.
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Fig.7. Optical emission spectrum of the air plasma (V,= 1200 V).

IV Conclusion

In the context of the development of hybrid multi-purpose optical fibers, this work is devoted to optimize
the operation of an innovative technology based on the combination of multimaterial fibers and plasmas.
The fiber is composed of a polymer cladding with a central hole surrounded by two metal electrodes.
By applying a DC voltage between the electrodes, an air micro-plasma is generated at its tip at
atmospheric pressure. To improve the lifetime and the stability of our discharge and prevent the
degradation of the electrodes, a deposition of high resistive layers was performed. Different designs of
the fiber head with deposited layers are presented and studied. Characterizations were also performed
for the fiber-plasma device such as the stability and the identification of generated species. These studies
allow to increase considerably the lifetime of the technology and generate a cold stable air micro-plasma.
This class of composite builds allows the emergence of novel applications for fibers, such as sterilization
and decontamination of medical equipment, various surface treatment or gas detection.
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