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ABSTRACT: In this work, a new cold plasma source design capable of generating and transport-
ing a plasma jet over long distances (2 m) is presented with the purpose of being used in flexible
endoscopy for treatment within the gastrointestinal tract. This dielectric barrier discharge helium
plasma jet consists of a polytetrafluoroethylene capillary connected to a quartz chamber around
which a copper electrode is wrapped. A copper wire is freely inserted inside the capillary. The ap-
plied voltage is a conventional AC 18-kHz signal to drive the discharge. In order to develop a safe
and predictable treatment, a robust and reliable electrical model is necessary and we hypothesized
that plasma transport can be modeled as a transmission line. We therefore assessed the electrical
behavior of our new cold plasma source. As it is known that the target to which the plasma jet is
applied drastically changes the behavior of the plasma itself, an electrical substitute simulating
the impedance of a human body is introduced into the circuit, and the plasma behavior is then
compared to the free-jet configuration. The effects of the input power (from 10 W to 80 W), and
the length of the jet (from 60 cm to 220 cm) were investigated, as well as the electrical changes
induced by the presence of an endoscope. The results obtained show trend curves similar to our
hypothetical model, although the latter is still only qualitative. This long plasma jet model repre-
sents a promising approach that can be used, after further refinement, for controllability of plasma
jets for endoscopy applications.

KEY WORDS: cold atmospheric plasma, electrical characterization, optical characterization,
plasma jet, endoscopy, dielectric barrier discharge

I. INTRODUCTION

Interest in the use of cold atmospheric plasma (CAP) for medical applications has been
growing over the last two decades.! In addition to electrons, ions, ultraviolet radiation,
and electromagnetic fields, CAP produces highly reactive species (RS) that have impor-
tant oxidative (among other) effects on living cells without inducing thermal damage
at the treatment site, because its temperature is close to ambient temperature. Reactive
oxygen species (ROS), in particular, have been shown to have various biological effects
on cells, such as the triggering of programmed cell death (apoptosis), that can reduce
tissue inflammation** and may represent a powerful tool for treatment of tissues and
potentially reduce postoperative complications.
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The scope of plasma medicine applications is broad. Various studies have reported
the use of cold plasma for treatment of malignant or dysplastic lesions,*’ for promoting
wound healing,® for achieving haemostasis,’ and for inducing cell regeneration.'® Some
of this research has already led to the development of medical devices such as the kIN-
PenMED® (Neoplas Tools GmbH)!! and the PlasmaDerm® (CINOGY System GmbH),'?
which are currently available on the market.

Recent advances in therapeutic endoscopy have made it possible to treat multiple
diseases through endoluminal, minimally invasive surgery.’*'” Consequently, the ad-
ministration of cold plasma via endoscopy has been proposed over the last decade.'®
However, major medical and technological constraints must be overcome in order to
implement this in practice. For example, in addition to the geometric requirements of
the gastrointestinal tract, one must be able to bring the plasma inside the body in a man-
ner that is biologically effective, stable, controllable, and safe, while keeping the power
generator and the high-voltage plasma electrode outside the patient’s body. Meeting
these requirements is not trivial, especially since the behavior and effect of the plasma
are highly dependent on the target itself (the patient) and on the overall electrical con-
figuration of the system.?'* Therefore, each plasma source needs to be characterized
extensively for each new device configuration.

In this work, we first present a new system configuration that allows the generation
of cold plasma through dielectric barrier discharge (DBD) in a helium gas flow, and al-
lows the transport of this plasma, postdischarge, over more than 2 m through a capillary
fitting in an endoscope (Fig. 1). At least three other plasma systems have been developed
by other groups for endoscopy. These include the GREMI group’s plasma gun, which
targets local cancer therapy with a nanopulsed neon plasma flushed through a capillary
that can fit into an endoscope;'®**? Winter et al.’s'***?7 device, which consists of argon
CAP delivered through a flexible endoscopy device; and Takamatsu et al.’s’ device,
which is used for hemostasis in vivo. The system presented in this paper allows the gen-
eration of a plasma plume brighter and further away from the plasma source, with the
advantage of keeping the high-voltage electrode outside the endoscope and therefore far
away from the patient’s body.

FIG. 1: Cold plasma generation and transport over a long distance
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To tackle the medical need for predictability and safety, we suggest an electrical model
for the capillary plasma jet, and to confirm it we study the behavior of this device by opti-
cal emission spectroscopy and electrical analysis. The influence of the target on the plasma
behavior is highlighted by a comparison between a configuration in free jet and a configu-
ration in which the plasma jet is applied to a target mimicking human impedance.”® The
impacts of input power and gap between the capillary outlet and the target are discussed.
Finally, modifications in the behavior of the plasma induced by the endoscope are assessed.

Il. EXPERIMENTAL
A. Plasma Reactor

The plasma reactor used in this work is depicted in Fig. 2. Its core consists of a tubular
DBD chamber made of quartz (outer diameter of 7 mm, inner diameter of 5 mm) con-
nected upstream to a helium gas cylinder, an admission valve, and a flowmeter. The
high-voltage electrode consists of a copper tape wrapped around the chamber over 3
cm. The power-controlled source (AC—sinusoidal) is an AFS (G10S-V) generator, op-
erating at 18 kHz. Although no difference is observed when present or not, the ground
electrode is connected upstream at the inlet of the discharge chamber (on a stainless
steel fitting located 20 cm away from the copper electrode). The chamber is plugged in
to a polytetrafluoroethylene (PTFE) tube (with an outer diameter of 3 mm to enter the
endoscope and a wall thickness of 0.75 mm to ensure electrical insulation) transporting

Oscilloscope

Cuelectrode -

Flowmeter

FIG. 2: DBD reactor
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the plasma postdischarge over 2 m. The fluidic connection between the quartz chamber
and the PTFE capillary is via a heat-shrinkable insulating sleeve. A copper wire (0.2
mm in diameter) is inserted partially into the dielectric chamber and extends until the
end of the PTFE tube to allow the maintenance of active plasma for several meters and
to sustain a plasma plume at the outlet even at low power (as low as 10 W). The copper
wire lies 1 cm downstream from the electrode and runs inside the PTFE capillary up to
5 mm before the capillary’s end.

In order to mimic the electrical impedance of the human body, a specific target based
on the work of Stancampiano et al.?®*?is built and placed at the output of the PTFE tube.
This target, referred to as the “human box” in this paper, consists of a box with a cop-
per disk connected to an electrical circuit, as shown in Fig. 3, and connected to ground.

B. Measurement Setup

Electrical measurements (Fig. 2) were collected with a WaveSurfer 3024z oscilloscope
connected to high-voltage probes (Tektronix P6015A x1,000 3pF 100 MOhms) placed
at the high-voltage electrode and at the entrance of the human box (represented as tri-
angles in Fig. 2). Two current monitors (Rogowski coil Pearson model 2877 output
1'V/A and 6595 output 2V/A) are placed along the PTFE tube and after the human box
(circle in Fig. 2).

Standard parameters are the following: the input power is set at 50 W; the PTFE tube
length is equal to 2 m; and the distance between the catheter tip and the human box is 1
cm. Current along the tube means the current measured by the Rogowski coil around the
PTFE tube and placed 20 cm further away from the right end of the high-voltage elec-
trode. This distance from the electrode will influence the current along the tube measure.
Voltage at the plume means the voltage at the input of the human box with regard to the
ground. Current at the plume is the current passing through the human box.

When the system is in free-jet mode (without the human box), voltage at the plume
and current at the plume are not registered, as the measurement probes disturb the be-
havior of the whole system (the configuration is no longer “free jet”). RMS currents
were computed in MATLAB using the root-mean-square function over one period.

FIG. 3: Human box approaching electrical impedance of the human body based on Stancampiano
etal.?®
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Pictures were taken with a Nikon D90+ camera operating in manual mode, manual
focus, ISO 1,000, shutter speed 1 s, focal 8 in a dark room. Optical emission spectros-
copy (OES) is carried out with an Andor Technology SR-500i-D2-R spectrometer, with
an acquisition time of 0.05 s repeated 10 times. The probe position is shown in Fig. 4.

The endoscope used in these tests is an Olympus CF Q160AI Colonoscope with a 3.7-
mm working channel, an outer diameter of 12.8 mm, and a 1,330-mm-long working part.

C. Model

On the basis of a first exploratory review of this device, including electrical measure-
ments and testing to acquire a better understanding of its function, an electrical model
of our system is hypothesized (as shown in Fig. 5). As detailed in the device description,
the quartz DBD chamber is connected to a PTFE capillary in which a copper wire is
floating. Therefore, we have a concentric configuration, with its core made of copper,
a second layer made of helium cold atmospheric plasma, a third layer of PTFE, and,
finally, the surrounding ambient air. Copper wire and ignited helium plasma can be rea-
sonably modeled by a resistor. The PTFE layer (a dielectric material) isolates the con-
ductive copper wire and ignited helium plasma from its surrounding (in particular, the
ground through the ambient air) and hence can be modeled as a capacitor, from which
leakage current can flow through capacitive coupling all along the capillary.

This configuration can be seen as a transmission line,**?! typically used in ca-
bles (e.g., coaxial cables) designed to conduct high-frequency alternating current;

PTFE tube

Voltage probe

Human box

FIG. 4: Probe position at the tip of the capillary
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FIG. 5: Model based on transmission line electrical element behavior

therefore, transmission line-related theory can be used to model and understand, from
an electrical point of view, the capillary of our system, as represented in Fig. 5. A
transmission line is generally modeled as a two-port distributed-element circuit de-
signed to conduct alternating current of radio frequency.’>>* A distributed element
means that the primary constants of the system (resistance and inductance along the
line, and conductance and capacitance shunting the line) are all specified per unit of
length. The load circuit (in this case the plasma plume impedance Z,  and the target
impedance ZTarget) will greatly influence power losses through the transmission line.
Therefore, there will be two possible configurations: either the load impedance is large
and the transmission line behaves as in open circuit (e.g., in free jet, when the Z;
value is important), or the load impedance is small enough to form a preferential path
for the current (Z,  and ZTarget are both small). In the present work, the qualitative
model allows us to interpret experimental results and highlight some trends in those
results.

lll. RESULTS

The results are divided into four categories: impact of the input power, impact of the
gap distance between capillary and target, evolution of the current along the tube, and
description of the system used in an endoscope. When relevant, two configurations
are studied: the human box, with the plume being applied to it; and the free jet, with
the plume in open air only. In order to compare experiments, reference curves (Fig. 6)
were recorded using standard parameters (as described in the previous section) for both
configurations.

In the presence of the box, the current along the PTFE tube and the current at the
plume are similar in shape and amplitude, with an RMS current of 9.3 mA and 9.2 mA,
respectively, showing that most of the current that flows inside the tube is transferred to
the plume in this configuration.

In free-jet mode, for the same input power, we observe a slightly higher input volt-
age (9.6 kV peak voltage compared to 7.6 kV with the box) but a lower current flowing
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FIG. 6: Reference electrical waveforms obtained with standard parameters (50-W applied power,
18-kHz frequency) in the human-box (HB) and free-jet (FJ) configurations

inside the PTFE tube (6.9 mA rms). Since the impedance seen by the generator is large
in free-jet mode because of the absence of the low impedance path at the outlet of the
tube (i.e., in human-box mode), we suggest that a significant part of the current is lost
through the PTFE tube wall because of capacitive leakage.

Indeed, when the plasma plume is impinging the human box, the electrical imped-
ance at the outlet of the tube is relatively low (i.e., lower than that due to capacitive
coupling at the PTFE) and almost all the current can flow through the box. In contrast,
the free-jet configuration is electrically closer to an open circuit since the outlet of the
tube has a relatively high impedance (i.e., much higher than that in the human-box
configuration), explaining the reduced current into the tube and the higher leakage cur-
rent flowing through the capacitive coupling along the tube. This supports the work of
Stancampiano et al.?® showing that the plasma is a dynamic system and underlining the
importance of running tests in conditions close to the final application (e.g., with an im-
pedance mimicking the human body). A last difference between the configurations lies
in the shape of the current peaks observed with and without the human box, suggesting
different plasma regimes.

A. Impact of the Input Power

The effect of the change in input power on both the current in the system and the amount
of reactive species produced is investigated for both configurations (free jet and human
box). Figure 7 shows that impact on the plume aspect in free-jet mode and in human-box
mode.
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FIG. 7: Capillary tips as a function of input power in the human-box configuration (top) and the
free-jet configuration (applied on a PMMA dielectric block) (bottom)

When increasing the input power, the input voltage increases as expected, ranging
from 4.5 kVpp to 8.8 kVpp, for an input power ranging from 10 W to 80 W, respec-
tively, in the human-box configuration and from 4.8 kVpp to 11.8 kVpp in the free-jet
configuration.

In the human-box configuration, the current along the tube and that inside the plume
(Fig. 8) both increase and a change in waveform can be observed due to the ignition of
the plasma. Indeed, below 20 W (at 20 W, the plasma plume switches from fully glowing
to slightly ignited), no current is measured through the human box although the capillary
tip is slightly glowing (Fig. 7). Above 20 W, because of the increase in charge density, a
substantial plasma plume is created, which decreases gap resistivity by establishing an
electrical connection (i.e., drastically reducing the Z,  value of our model) between
the tube outlet and the box. A current can then be measured, roughly equal to the current
through the plume or through the human box (see Fig. 10), and the current waveform is
presenting the peak corresponding to the discharge.

In the free-jet configuration, the amplitude of the current inside the tube, as ex-
pected, increases with the input power but no other waveform change is observed (Fig.
9) since there is no “electrical connection” regime switch as there is in the human-box
configuration. Visually, this higher current along the capillary results in a plume glowing
more intensely (Fig. 7) without any other significant change.

Finally, Fig. 10 presents a comparison of the input power influence on RMS current
along the tube and at the plume. When the plasma is fully ignited (above 20 W), the
current is significantly higher in the human-box configuration. This change in plasma
electrical behavior and related electron density directly impacts the generation of RS,
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FIG. 8: Power influence on the current waveform in the human-box configuration: (left) along
the tube (20 cm from high voltage); (right) at the plume
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FIG. 9: Power influence on current waveform along the tube (20 cm from high voltage) in the
free-jet configuration

which are qualitatively measured via optical emission spectroscopy. Figure 11 presents
the intensities (in log scale) of selected relevant emission lines or bands as a function
of plasma power for the free-jet and human-box configurations. As shown in Fig. 7,
plasma plumes in the human-box configuration exhibit much higher light emission in-
tensities accounting for much higher RS production than in the free-jet configuration.

Volume 10, Issue 2, 2020



80 Bastin et al.

—&—RMS Tube - HB
=== RMS Plume - HB
RMS Tube - FJ

20

RMS Current [mA]

&}

\

10 20 30 40 50 60 70 80
Input Power [W]

FIG. 10: RMS current (along the tube and at the plume) as a function of input power with and
without the human box
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FIG. 11: Optical emission spectra: visualization of peak intensities

Differences in emission line intensities between the two configurations can indeed reach
three orders of magnitude. Figure 7 also shows the increase in specific reactive species
such as atomic oxygen (777.4 nm) or hydroxyl radical (309.0 nm) that are known to be
of interest for cell treatment.®

B. Impact of the Gap Distance between the PTFE Tube and the Human
Box

The previous section showed how input power can modify the Z,  value, but another
parameter linked to this value is the gap distance to the target, which can easily vary in
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medical applications such as endoscopy. The influence of the gap distance between the
capillary and the target on the breakdown voltage and the plasma regime is assessed by
varying its value from 0.5 cm to 2.5 cm in steps of 0.5 cm (these are expected realistic
distances for real endoscopy treatments). Figure 12 shows the plasma plume for input
powers of 50 W and 60 W. At 60 W and a gap distance of 2 cm, the plasma oscillates
between two states: fully glowing (as shown at left) and hybrid plume, similar to the
free-jet configuration (at right). For an input power of 50 W, this transitional oscillating
situation happens over a shorter gap distance.

Figure 13 shows the current waveforms along the tube and at the plume, which
confirm this behavior. Indeed, at 60 W and for a gap of 2 cm or greater (middle curved
lines), the current measured through the human box is very small (and is probably due
to electromagnetic interference through the Pearson Rogowski probe) compared to the
current measured for smaller gaps. Consistently, the current along the tube (8.2 mA rms
at 60 W and 7.4 mA rms at 50 W) is similar to the current along the tube in the free-jet
configuration (7.8 mA rms and 6.9 mA rms, respectively) toward which it reaches as the
gap increases. This suggests that the current peaks, which are only observed for short
distances, in the waveform of the plasma plume current are reflecting the fully glowing
behavior of the plasma. The shape of the current curve for short gap distances (Fig. 13)
reveals an asymmetric behavior between the positive and negative waves, with a single
intense peak for positive currents and multiple peaks in the negative range. At greater
gap distances, the current curves flatten much more, suggesting a different plasma re-
gime. Figure 14 summarizes the RMS current values for each distance and highlights the

transition between the fully glowing state (touching the box) with small Z,  and Z et

FIG. 12: Plume for several gap distances between the plume and the human box for input powers
of 60 W (top) and 50 W (bottom)
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FIG. 13: Current waveform along the tube (left) and at the plume (right) for several gap distances
between the capillary tip and the human box (60 W)
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FIG. 14: RMS current along the tube and at the plume obtained with different gap distances
between the capillary tip and the human box

values, and the free-jet—like state (the box is too far away for an electrical connection to
be established) for which Z, _is significant.

The intensities of the emission lines (or bands) of the main active species detected
by OES are shown in Fig. 15 plotted as a function of each gap distance. Again, two
domains can be observed: those at short distances, corresponding to fully glowing (or
electrically connected) discharge high-intensity emission lines, and those observed at
greater distances (20 or 25 mm), corresponding to emission lines that exhibit much
smaller intensities (by three orders of magnitude).
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FIG. 15: OES (peak intensity) of the plasma plume for different gap distances between the capil-
lary tip and the human box (60 W)

Specific behaviors are also identified. Helium and fluorine (coming from the PTFE
tube) OES intensities are at their highest for the smallest gap (5 mm) and exponentially
decrease with distance. The presence of fluorine reveals a partial degradation of the
capillary tube due to the interaction with metastable helium (as shown by Hubert et
al.), and should be overcome for in vivo applications. Secondary reactive species are
more present when the gap distance increases because the concentration of oxygen and
nitrogen species increases with distance through the mixing of the plume and ambient
air. Then, by extending this distance further, the amount of emitting species logically
decreases because the plasma plume loses intensity and electron density when the con-
nection with the human box is lost.

C. Evolution of the Current along the Tube

While the currents in the tube and at the plume are similar in the human-box configuration,
the free-jet configuration should show a different behavior because, according to our model,
its end is electrically closer to an open circuit, forcing the current through capacitive leakages
that result in an important difference between the current in the tube and at the plume. The
current evolution along the tube in the free-jet and human box configurations is measured.
When the plasma is impinging on the human box and the system approaches a closed
circuit, no decrease in current intensity as a function of the measuring spot (at left in
Fig. 16) can be observed. The only change observed is a slight change in the current
waveform shape around zero, which is not reflected in RMS current values (see 20 cm
mark in legend of Fig. 18). In the free-jet configuration, as expected with capacitive
losses through the dielectric wall, the current is decreasing along the PTFE tube of a
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FIG. 16: Current waveform along the capillary at several measurement points from high-voltage
electrode in the human-box (left) and free-jet (right) configurations

180-cm-long device. To better understand this phenomenon, the same experiment is con-
ducted for different devices with total tube lengths ranging from 60 cm to 2.2 m in steps
of 20 cm. The results, achieved by computing RMS current, are summarized in Fig. 17.

For each total tube length, the current measured along the tube decreases linearly
(with an average slope of 0.06 mA/cm) as the measure point moves away from the high-
voltage electrode, demonstrating the existence of a leakage current with a relatively
constant value per unit of length. This is in good agreement with our model. The be-
havior of all curves is very similar, with a constant slope of current loss per centimeter.
Interestingly, the lowest current point of each curve, corresponding to the current mea-
sured at 20 cm of the plasma plume, remains in the same relatively low range across dif-
ferent tube lengths, going from 1.2 mA to 0.3 mA. In contrast, the highest current point
of each curve (i.e., the current just after the high voltage) varies from 3.1 mA to 7.7 mA.

This can be explained by the aforementioned capacitive losses through the PTFE
tube walls. Longer tubes mean longer capacitors (i.e., walls), which decrease the total
impedance of the system. For a constant input power (50 W), lower impedance means
higher current (since the voltage at the source ranges from 9.8 kVpp for the longest tube
length to 11.4 kVpp for the shortest and the product ‘voltage times current’ at the source
is constant). Thus is explained the higher starting current for longer tubes. These linear
losses by capacitive effect confirm the transmission line element hypothesized in our
model for the tube carrying the plasma.

Figure 18 summarizes the effect of the target impedance on the current in the tube
(for several measurement points) with a comparison of the evolution of RMS current
along the tube between the two configurations (human box and free jet). This shows
that, since the impedance of the human box is lower than the impedance of the tube, the
current in the human box configuration is higher (lower impedance) and constant along
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FIG. 17: RMS current along the tube measured at several distances from high-voltage electrode
for different total capillary lengths in the free-jet configuration (see legend)
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FIG. 18: RMS current along the tube measured at several distances from the high-voltage elec-
trode for the free-jet configuration and the human-box configuration

the tube (no capacitive leaks through the transmission line), which is in contrast to the
free-jet configuration.

D. Description of the System Used in an Endoscope

As the device presented in this article is to be used with an endoscope, this section pres-
ents its behavior when the capillary is inserted inside the endoscope’s working channel
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(as schematically represented in Fig. 19). This arrangement therefore illustrates a practi-
cal clinical application. In it the Pearson Rogowski coil is positioned around the endo-
scope itself.

Figure 19 visually compares, for several input powers, the plasma plume applied on
the human box when the capillary is inserted into the endoscope with the standard pa-
rameters. The behavior of the tube running in the endoscope is similar, but higher power
is needed to obtain the transition between the free-jet—like plume and the fully glowing
plasma. This can be explained by the reduced impedance of the capacitive paths along
the tube. Indeed, as the endoscope is made of various conductive parts, its working
channel, which is in contact with the tube along its whole length, represents a facilitated
pathway for capacitive leaks. Figure 20 illustrates the vision typically obtained with the
endoscope when the plasma is ignited and applied to the human box.

Current waveforms (along the endoscope and at the plume in Fig. 21) with the endo-
scope also show that the input power applied has to be higher than 50 W to observe a sig-
nificant current passing through the human box by establishing the electrical connection
described in sections A and B. For these powers, the current shows substantially constant

FIG. 19: Plume without the endoscope (a) and when the capillary is inserted into the endoscope
(b, ¢, and d) for three input powers, as illustrated in the scheme (¢). The dashed rectangle in (¢)
shows the setup part taken in (b, ¢, and d).

ID. No. :m
Endoscope B i
camera 02122138%°
CVP:

D.F:

Bzl O:N

Physiclan:
Comment

FIG. 20: (left) Schematic of the endoscope distal end and (right) plume applied in the human-
box configuration, recorded by the endoscope camera

Plasma Medicine



Characteristics of an Endoscopic DBD Plasma Jet 87

&
I
8
=

- without endoscope:
i " - - 30W - with endoscope
- with endoscope

w
=]
T

1
153
=}
=

H " - = '85W - with endoscope

Current [mA]
[N )
o o o (= o

; :

&
S

A
S

—50W - without endoscope
- - -30W - with endoscope
- - :50W - with endoscope
- with endoscope |

Current [mA]

<}
o
=
o
Q
Ny
o
o
o
N}

0.04 0.06 0.08 0.1 0.12
Time [ms]

FIG. 21: Current waveform (top) through the system (endoscope and capillary) and (bottom) at
the plume when the capillary is inserted inside the working channel of an endoscope

amplitude and shape along the tube, which is recommended for stability and predictabil-
ity in medical applications. Indeed, when the capillary is inserted into the endoscope, the
shape of the current curve reveals, for both negative and positive current, a single peak,
suggesting a homogeneous well-known DBD behavior. Except for the changes in igni-
tion power and current shape, no unexpected plasma or endoscope behavior is observed,
highlighting the compatibility of our plasma system with an endoscope.

IV. DISCUSSION AND CONCLUSION

This study describes and characterizes a plasma-source design that delivers cold atmo-
spheric plasma through an endoscope over at least 2 m with the high-voltage electrode
outside the patient’s body. The plasma transport over this long distance is made possible
by a floating metallic wire that renders the application compatible with all types of flex-
ible endoscopes currently used in clinical practice.

The electrical characterisation of the plasma source presented in this paper high-
lights several characteristics of a long capillary plasma jet:
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* As is true of every cold atmospheric plasma source,'>* its behavior is highly
dependent on its surroundings and, more specifically, on the target to which the
plasma is applied (and its impedance Z s )- The plume-target gap distance (and
the geometry of the capillary tip itself) and the input power are therefore also of
high importance because they impact the switch from one configuration (free jet)
to the other (human box) by acting on the Z,  value.

* Such a long plasma jet device seems to behave like a transmission line and could
be modelled as such. When its end is similar to an open circuit, most of the cur-
rent is leaked by capacitive coupling through the PTFE tube (as in the free-jet
configuration). Conversely, the current is transmitted with almost no leaks when
the circuit is closed by the fully glowing plasma, which drastically reduces the
impedance of the gap and electrically “connects” the capillary to the human box
(low Z,,,, and Z,,_).

* The addition of an endoscope increases the current leaks along the tube. Indeed,
as the endoscope is made of conductive parts, its impedance is smaller than the
air surrounding the “naked” tube. Consequently, higher input power is needed to
produce a plasma plume and a fully glowing plume.

The electrical characterization of the plasma source described here provides, in this
regard, a first step toward prediction and thus control of the current flowing into the
patient—a key parameter directly linked to patient safety but also influencing the effect
of the plasma on the patient and hence the therapy.

Based on our proposed qualitative model, we are currently working on the imple-
mentation of a quantitative model with a fully characterized electrical equivalent circuit
(having numerical values for Z, ,Z .. and ZTargct)' This model will help us design the
kind of predictable, stable, and safe system that is mandatory in the medical domain.

Optical characterization allows extraction of information crucial to the design of a
medical plasma jet device as it highlights an optimum (for one input power) in terms
of gap distance (about 10 mm) to produce certain reactive species in the approaching
human body behavior. More knowledge of the spatial distribution of reactive species
for studying the effect of plasma on cells is essential to understanding the underlying
mechanisms in vitro.

Our device is not ready to be used immediately in clinical practice, as it requires
further refinements, particularly with testing of other high-voltage input shapes that
increase the generation of ROS for the same input power.>”*® Our experiments show
the importance of integrating all devices (endoscopes, guide wire, etc) with which the
plasma jet can interact into the characterization and development of a new cold plasma
jet medical device for flexible therapeutic endoscopy.
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