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Abstract

Cold atmospheric plasma induces various dose-dependent effects on living cells, from

proliferation to necrosis. These effects are of interest in the 昀椀eld of therapeutic 昀氀exible

endoscopy, although implementing an effective plasma delivery system represents a technical

challenge. This work studies the impact of critical parameters on plume intensity, delivered

reactive species (RS), and current administered to the target for the use of plasma in endoscopy.

A 2 m long dielectric barrier discharge plasma jet was studied upon nano-pulsed high voltage

excitation to increase plasma reactivity. The peak voltage, gas gap, pulse repetition frequency,

and pulse width were varied while the power dissipated by the system and the optical emissions

(with imaging and spectrometry) were measured. Two con昀椀gurations were compared: the 昀椀rst

one with the plume exiting freely in air, and the second one with the plume impinging an

electrical equivalent of the human body. Finally, the current 昀氀owing through the capillary was

measured at regular intervals along the tube with a Rogowski coil. Results show that (a) a

conductive target increases the ratio of RS produced over the dissipated power, (b) increasing

the pulse repetition frequency does not improve the RS production per pulse (e.g. through a

synergetic, memory effect), (c) increasing the pulse width does not in昀氀uence RS production but

increases the dissipated power, and (d) current linearly leaks through the tube walls, and leaks

are lower with nano-pulsed compared to sinusoidal excitation. Reactance and capacitance

values of the system are analyzed based on the electrical equivalent circuit approach. Finally,

displacement and discharge currents are discussed to bring power dissipation mechanisms to

light and compare them between con昀椀gurations. The conclusions drawn are important for the

future design of safe and effective endoscopic plasma devices.
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1. Introduction

Cold atmospheric plasma (CAP) for medical applications has

been a 昀椀eld of interest over the last two decades [1, 2]. The

reactive species (RS) produced by CAP have various biolo-

gical effects on cells, such as the triggering of programmed

cell death (apoptosis), the promotion of cell proliferation, or

the induction of selective death of cancer cells [3–5]. It could,

therefore, represent an interesting tool for the treatment of

malignant or dysplastic lesions [6, 7], the promotion of wound

healing [8], cell regeneration [8], or for achieving hemostasis

[9]. Some of these projects have already led to the develop-

ment of medical devices, such as the kINPenMED® (neo-

plas tools GmbH) and the PlasmaDerm® (CINOGY System

GmbH), which are currently available on the market [10] or

are protected by patents [11, 12].

Progress in 昀氀exible therapeutic endoscopy has allowed

for the treatment of an increasing number of pathologies

through endoluminal, minimally invasive surgery [13–16].

Consequently, systems aiming to deliver cold plasma through

a 昀氀exible endoscope have been proposed over the last dec-

ade [17–20]. However, the practical implementation of these

systems must comply with major technological and med-

ical constraints. In addition to the geometric requirements of

the gastrointestinal tract, the plasma reactivity (linked to the

amount of ROS produced) must be maintained at the treat-

ment site while limiting current administration to the patient

[21]. Due to their intrinsic con昀椀guration, dielectric barrier dis-

charges (DBD) are often used to build plasma jet reactors

for endoscopy. The dielectric barrier limits the current 昀氀ow-

ing through the plasma and allows for a homogeneous dis-

charge at room temperature, suitable for heat-sensitive tissues

[22, 23]. In this context, a better understanding of DBD plasma

reactor behavior and how to predict that behavior is neces-

sary to optimize, monitor, and control DBD plasma medical

devices [24].

When used in medicine, the plasma jet should be effective

(i.e. induce a biological response) but at the same time safe

(i.e. not harm the patient through administration of excessively

high current) [25]. Therefore, the high excitation voltage used

to generate the plasma is a critical parameter as it is directly

linked to both effectiveness and safety [10]. To compare dif-

ferent excitation voltage waveforms (e.g. pulsed versus sine

waves) and their effect, the active power dissipated by the sys-

tem is usually computed simultaneously to plasma reactivity

[26–28]. Walsh et al have reported that a pulsed atmospheric-

pressure glow discharge produces more ROS with 昀椀ve times

lower power consumption than with sinusoidal excitation [26].

For excimer DBD lamps, Mildren et al obtained 3.2 times bet-

ter ef昀椀ciency in terms of emission intensity [27]. Finally, Ayan

et al observed a more homogeneous discharge with a nano-

pulsed signal compared to a micropulsed signal [28].

In DBD, this active power is dissipated either by the dis-

charge itself (e.g. gas heating, ionization, light emission, RS

production) or by dielectric heating [29]. This latter is char-

acterized by the dielectric loss tangent (tanδ) coef昀椀cient.

For sinusoidal voltage applied to a plasma actuator, it is

proportional to the square of the peak voltage and to the

frequency [29]. Several groups have compared the dielectric

thermal power with the total active power (dissipated in the

system) and found that it is signi昀椀cant, especially when the

applied voltage is kept close to the breakdown value [30, 31].

By lowering the power dissipated by the dielectric, it is, there-

fore, possible to maximize the ratio of plasma reactivity over

power consumption.

When a DBD plasma system is operated with a pulsed

excitation voltage, two current pulses appear for each

voltage pulse, at the voltage rise and fall times, respectively

[26, 32, 33], as a voltage variation is needed to allow cur-

rent 昀氀ow through a DBD system. For a positive voltage pulse,

the 昀椀rst current pulse has a positive polarity and the second

one has a negative polarity. There are, therefore, two essen-

tial timescales for studying pulsed plasma: the pulse repetition

frequency (f) (i.e. the time between successive voltage pulses),

and the voltage pulse width (pw), linked to the time between

two current pulses.

With these recent 昀椀ndings on atmospheric plasma jets

[18, 34, 35], there is now a need to characterize a long plasma

jet operated with pulsed voltage to optimize potential endo-

scopic applications. This article assesses the impact of peak

applied voltage, pulse repetition frequency and pulse width on

plasma reactivity and dissipated power. In addition, the tar-

get (i.e. free jet or human electrical equivalent) and the jet-to-

target distance are varied to evaluate various treatment condi-

tions. Finally, the current leaks along the system are measured

and compared with a similar system excited with sinusoidal

voltage.

2. Experimental

2.1. Plasma reactor

The single electrode DBD plasma jet is depicted in 昀椀gure 1. It

consists of a tubular DBD-chamber made of quartz (outer dia-

meter of 7 mm, inner diameter of 5 mm), connected upstream

to a helium gas cylinder, an admission valve, and a 昀氀ow-

meter. The high voltage electrode consists of a copper tape

wrapped around the chamber over 4 cm. The chamber is

plugged into a polytetra昀氀uoroethylene (PTFE) tube, transport-

ing the plasma post-discharge over 2 m. The PTFE tube has

an outer diameter of 3 mm, 昀椀tting in an endoscope, and a

wall thickness of 0.75 mm to ensure electrical insulation. A

heat-shrinkable insulating sleeve makes the 昀氀uidic connec-

tion between the quartz chamber and the PTFE capillary. A

copper rod (0.8 mm diameter), maintained at the center by

two machined PTFE parts, extends inside the quartz cham-

ber and is soldered to a copper wire (0.2 mm diameter),

both at 昀氀oating electrical potential. This latter extends inside

the PTFE capillary up to 5 mm before the end of the capil-

lary. In this system, plasma is ignited at two different places.

Indeed, when helium is 昀氀ushed into the quartz chamber,

plasma appears between the electrode and the 昀氀oating copper

rod. Then, helium re-ignites at the end of the capillary, where

the copper wire stops in a con昀椀guration similar to corona

discharges.
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Figure 1. Schematic of the plasma system, with probes positions (left) and catheter section (right).

Figure 2. Plasma plume con昀椀guration and OES probe position.
Free jet (left) and human box (right).

The pulsed high-voltage source is an NSP 120–20 k gen-

erator from Eagle Harbor Technologies (EHT). It generates

positive polarity pulses, with a maximum voltage of 20 kV,

a pulse repetition frequency up to 10 kHz, and pulse width

ranging from 40 ns to 500 ns, all individually adjustable.

To mimic the electrical impedance of the human body, an

electrical equivalent human body target based on the work of

Stancampiano et al [36, 37] was 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 copper disk connected to

an electrical circuit, as shown in 昀椀gure 2. The ‘human box’ is

connected to ground. The gas gap is de昀椀ned as the gap between

the capillary end and the target.

2.2. Measurement setup

Plasma plumes were visually compared. Pictures were taken

with a NikonD90+ camera operating inmanual mode, manual

focus, ISO 1000, shutter speed 1 s, and focal length 8 in a

dark room. Mean pixel intensity was computed with ImageJ

software over the entire picture area.

Optical emission spectroscopy (OES) was carried out with

an Andor Technology SR-500i-D2-R spectrometer to under-

stand better the plasma composition, with an acquisition time

of 2 s repeated three times. The probe position is shown in

昀椀gure 2. Based on the work of Chen et al [38], 昀椀ve major

lines of the most relevant species were selected and used

for analysis: helium peak at 706.52 nm (He
(

33S→ 23P
)

) to

assess the presence of helium excited species, as it has been

reported to be linked to energetic electrons in atmospheric

plasma [39–41], OH • (A−X) band at 309 nm, and O peak at

777.19 nm (O(5P) → O(5S) for reactive oxygen species, N2

(C−B) second positive band at 337.05 nm and N2
+ (B−X)

昀椀rst negative system band at 391.35 nm for reactive nitrogen

species. At those wavelengths, the light intensity was recorded

and used to draw one graph for each wavelength of interest,

with light intensity on the y-axis and the parameter studied on

the x-axis.

The whole parameter space of the high-voltage source gen-

erator (0–20 kV peak voltage, 1–10 kHz pulse repetition fre-

quency, and 40–500 ns pulse width) is not accessible and

depends on the load. In that regard, its measured output voltage

may differ from the nominal voltage. Current and voltage were

monitored at the output of the voltage generator with a Wave-

Surfer 3024z (bandwidth of 200MHz, sample rate of 4GS s−1,

memory of 10 Mpts ch−1) oscilloscope connected to a high-

voltage probe (Tektronix P6015A x1000 3pF 100 MOhms)

placed at the high-voltage electrode (represented as a triangle

in 昀椀gure 1). Two current monitors (Rogowski coil Pearson

model 2877 output 1 V A−1 and 6595 output 2 V A−1) were

placed between the generator and the high voltage electrode

and along the PTFE tube (see the green circles, 昀椀gure 1).

When relevant, RMS currents were computed using the

root-mean-square function on MATLAB™ over an entire

number of periods [42].

In addition, the instantaneous power delivered to the whole

system was computed as:

Pi (t) = Va (t) . Itot (t) . (1)

The power dissipated in the device was deduced by aver-

aging this power over an entire number of periods. The num-

ber of periods for averaging was chosen depending on the

time-window size recorded, the time resolution of the oscillo-

scope, and the 昀椀le size. Nineteen and nine periods were selec-

ted for a voltage pulse repetition frequency of 10 and 2 kHz,

respectively.
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Figure 3. Comparison of input voltage and input current between free jet and human box con昀椀gurations, for different values of peak
voltage (4, 8, and 11 k V). Dashed lines are for the free jet con昀椀guration and solid lines for the human box con昀椀guration. Stars show the
maximum of the current main peak for each curve. Longer timescale is shown in the upper right corner.

2.3. Experimental protocol

Four key parameters were studied based on their in昀氀u-

ence on plasma reactivity, as described for different systems

by [43–45]:

(a) the peak voltage Vp (from 4 to 11 kV),

(b) the gas gap d (from 0.5 to 2.5 cm) when the plasma plume

is impinging the human box (i.e. the gap between the capil-

lary outlet and the target),

(c) the voltage pulse repetition frequency f (from 2 to 10 kHz),

(d) the pulse width pw (from 100 to 400 ns).

When relevant, two con昀椀gurations were studied: the free

jet con昀椀guration, with the plume in the open air only, and the

human box con昀椀guration, with the plume being applied to the

human box.

The outputs of the measurements were (a) the power dis-

sipated in the whole system, (b) the plume pictures and their

mean pixel intensity (over the entire picture), and (c) the OES

peaks/bands values. In addition, the current evolution along

the tube was measured to assess the current leak through the

PTFE wall.

The system characterization was conducted around

one nominal set of intermediary stimulation parameters

(Vp = 11 kV, pw = 100 ns, f = 10 kHz, dg = 1.5 cm).

3. Results

3.1. Impact of the high-voltage generator peak voltage

The in昀氀uence of the peak voltage on the power dissipated in

the system and the amount of RS produced was investigated

for both con昀椀gurations (the free jet mode and the human box

mode). The pulse repetition frequency was set at 10 kHz, the

pulse width at 100 ns, with a gas gap of 1.5 cm. Input voltage

and current are presented in 昀椀gure 3.

The input voltage and current remained relatively similar

for the free jet or human box con昀椀gurations, except for the

height of the main positive current pulse, which was higher

(difference from 0.2 to 1 A) for the human box. Figure 4 shows

the optical emission spectra obtained in free jet, for several

applied peak voltages. As explained in previous section, 昀椀ve

lines of interest (highlighted on 昀椀gure 4) were used to draw

昀椀gure 5 in order to compare experiments. Figures 6 and 7 show

the plasma plume pictures, and the dissipated power, respect-

ively, as a function of the peak voltage for both con昀椀gurations.

When the peak voltage increased in the free jet con昀椀guration,

the plume intensity and the dissipated power increased linearly

(dashed lines in 昀椀gure 8). In contrast, with the human box,

the impact of the peak voltage on emission (OES or plume

pictures) was not linear. Indeed, above a given voltage, the

plasma discharge regime changed, and a much more lumines-

cent discharge was observed while the input power increased

relatively linearly. At high input voltage, much more RS were

produced with the human box compared to the free jet, for a

relatively similar input power. For instance, at 11 kV, for a

10% dissipated power increase due to the human box (5.4 vs.

4.9 W in free jet), the peak heights of OH, N2, N2
+, He, and

O were multiplied by 26, 7, 3, 2.5, and 9, respectively.

3.2. Impact of the gas gap

The in昀氀uence of the gas gap (in cm) between the capillary

end and the target was studied. There is a direct link with the

previous section since, when using the human box con昀椀gura-

tion, increasing the distance between the capillary end and the

4
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Figure 4. Optical emission spectra for several peak voltages (in free jet) with zooms on wavelengths of interest (337.05, 706.52 and
777.19 nm). Values reported in 昀椀gure 5 correspond to the maxima of those spectra at those wavelengths.

Figure 5. OES peak intensity for several emission bands as a function of the peak voltage of the pulses.
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Figure 6. Plume pictures with increasing peak voltage of the pulse.

Figure 7. Mean pixel intensity and power dissipated by the device
as a function of the peak voltage applied for free jet (solid line) and
human box (dashed line) con昀椀gurations. Power was averaged on 19
periods.

Figure 8. Mean pixel intensity (triangle) and power (circle)
dissipated by the device as a function of the gas gap, for the human
box con昀椀guration. Power was averaged on 4 periods.

human box eventually ends up in a large gas gap, similar to

a free jet. This distance in昀氀uences the dissipated power and

the species produced. The peak voltage, pulse width, and fre-

quency were equal to 11 kV, 100 ns, and 10 kHz, respectively.

Figure 9. Plume pictures as a function of the gas gap, with the
human box.

Figure 10. Plume pictures when the repetition frequency of the
pulses increases, free jet con昀椀guration.

Figures 8 and 9 show the mean pixel intensity with dissip-

ated power and the plume pictures, respectively, obtained for

distances from 0.5 to 2.5 cm.

As already described for sinusoidal excited plasma [46], we

observed a clear transition between two plasma regimes for

a distance greater than 1.5 cm between the capillary and the

human box. This is highlighted in pictures and by the power

dissipated in the system (昀椀gures 8 and 9).

3.3. Impact of the pulse repetition frequency

To evaluate whether the time between successive pulses in昀氀u-

ences the dissipated power or the formation of RS in the free

jet con昀椀guration, the pulse repetition frequency was increased

from 2 to 10 kHz. Peak voltage and pulse width were set at

11 kV and 100 ns, respectively. Plume pictures (昀椀gure 10)

qualitatively showed an increasing intensity with frequency,

quantitatively con昀椀rmed by the mean pixel intensity and input

power (昀椀gure 11).

Similarly, as highlighted by OES (昀椀gure 12), the emis-

sion intensity of RS increased linearly with the pulse repeti-

tion frequency within the range of screened frequency. This

means that a shorter time between successive pulses does not

favor the production of species. For instance, increasing the

repetition rate by 昀椀ve also increased the production of spe-

cies roughly by 昀椀ve. More precisely, a repetition of 10 000

pulses per second emits 4.9 timesmoreOH (309 nm), 5.2 times

more N2 (337.05 nm) and N2
+ (391.35 nm), 5.5 times more

He (706.5 nm) and 4.5 times more O (777.19 nm) than 2000

pulses per second.

3.4. Impact of the pulse width

In this section, the in昀氀uence of the pulse width is presen-

ted. The peak voltage (height of the pulse) was set at 7.5 kV,

6
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Figure 11. Mean pixel intensity (triangle) and power (circle)
dissipated by the device as a function of the pulse repetition
frequency, free jet con昀椀guration. Power was averaged on nine
periods.

and the frequency was set at 10 kHz. The peak voltage value

differed from the nominal value used for other sections due to

technical limitations of the generator (i.e. the generator could

not maintain a pulse for 400 ns at 11 kV).

Figure 13 shows the applied input voltage and the resulting

input current. Two large current peaks are visible. The 昀椀rst one,

positive, appears during the voltage rise slope and the second

one, negative, when the voltage falls from its peak value, as

previously reported by several groups [32, 33, 47]. The 昀椀rst

current peak is similar for all pulse widths, which was expec-

ted since voltage rise slopes are similar for all pulse widths

(i.e. a rising time of 100 ns to reach a nominal input voltage of

7.5 kV). However, the negative current pulse differed depend-

ing on the width, since it appeared when the applied voltage

fell (at time t1, t2, t3, t4, for input voltage pulse widths of 100,

200, 300 and 400 ns, respectively).

Figure 14 compares the mean pixel intensity of plume pic-

tures with the input power. Interestingly, the power dissip-

ated by the device increased with the pulse width while the

amount of RS produced did not, as indicated by the mean pixel

intensity. Similarly, the OES peaks (in 昀椀gure 15) of the dif-

ferent RS were relatively constant as a function of the pulse

width.

It can be seen in 昀椀gure 13 that, during the voltage pulse rise

(before t1), the instantaneous power dissipated was equal for

each pulse width, since both the input voltage and input current

were identical. Therefore, the additional dissipated power was

either occurring (a) after the voltage pulse rise (i.e. after t1)

and while it was maintained at its maximum value (i.e. before

ti, i being the studied pulse width), while the input current

shows positive oscillations, or (b) related to the second current

pulse (i.e. right after ti), which would require more power for

a longer time between voltage rise and fall, due to a memory

effect.

Figure 12. OES peak intensity for several emission bands as a
function of the pulse repetition frequency, free jet con昀椀guration.

3.5. Current evolution along the tube

The instantaneous current 昀氀owing through the device was

measured along the tube at 20 cm intervals from the high

voltage electrode (with a Rogowski placed around the capil-

lary, see 昀椀gure 1), and the RMS value was computed over 19

periods. The pulse width, repetition frequency, peak voltage,

and gas gap were set at 100 ns, 10 kHz, 11 kV, and 1 cm,

respectively. Figure 16 shows the current evolution along

the tube for both con昀椀gurations. The RMS current values

decreased by an average of 0.21 mA cm−1. Based on this con-

stant decrease, the RMS current at the plume (i.e. at 200 cm

from the electrode) would reach roughly 10 mA. Interestingly,

the RMS current 昀氀owing in the device was relatively similar

when the plume was in free jet or with the human box; the dis-

sipated power being only about 10% higher with the human

box (5.5W compared to 4.9Wwith the free jet). This contrasts

7
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Figure 13. Input voltage (dashed lines) and current (solid lines) for different pulse widths, in free jet. t1 to t4 correspond to applied voltage
fall (depending on the pulse width).

Figure 14. Mean pixel intensity (triangle) and power (circle)
dissipated by the device as a function of the pulse width, free jet
con昀椀guration. Power was averaged on 19 periods.

with the mean pixel intensity which was drastically higher (21

with the human box versus 12 in free jet), as already observed

in 昀椀gure 7.

4. Discussion

This work studied the behavior of a 2 m long DBD plasma jet

device intended for endoscopic use and excited with a pulsed

input voltage. When relevant, two target con昀椀gurations were

compared: the free jet, where the plasma plume diffuses freely

outside the capillary, and the human box, in which the plasma

plume hits an electrode connected to a human body electrical

equivalent connected itself to ground.

The electrical behavior of this system can be discussed

based on its electrical equivalent circuit, schematically shown

in 昀椀gure 17(a). Va and Itot are the applied voltage and the total

current, respectively. Cd, Cg, and Rp are the dielectric capa-

citance (of quartz and the PTFE tube wall), the gas capacit-

ance (between the quartz wall and the copper rod 昀椀rst, and

then between the tip of the copper wire and the target), and

the plasma time-variable resistance [48, 49] (again, at both

ends of the copper central rod or wire), respectively [50].

ESR stands for equivalent series resistance and represents

the dielectric losses in the quartz barrier. Based on materials

(εr−quartz = 3.7 and εr−PTFE = 2.1) and system geometry, the

dielectric capacitances were estimated: Cdquartz = 24 pF and

CdPTFE = 337 pF.

Finally, Idisp and Idisch stand for displacement and discharge

currents [33, 50]. The former is the capacitive current 昀氀owing

through the system without plasma ignition (when plasma is

off and Rp is very high). The latter results directly from the

discharge ignition (sometimes referred to as conductive cur-

rent). In a traditional plasma reactor, with two electrodes and

one dielectric layer, separated by only one gas gap [51–53],

the total input current is simply the sum of the displacement

and discharge currents. The former can be deduced by know-

ing the capacitance of the gas gap (from its geometric and

electrical characteristics). The discharge current can then be

determined by subtracting the displacement current from the

total current. In our system, as seen on the electrical equival-

ent circuit (昀椀gure 17(a)), intermittent plasma ignition appears

in two places (in the quartz chamber and at the plume). Hence

discharge and displacement currents both appear twice and

cannot be disentangled from the total current by simple sub-

traction. In addition, as there is a current leak through the

8
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Figure 15. OES peak intensity for several emission bands as a
function of the pulse width, free jet con昀椀guration.

Figure 16. RMS current measured along the capillary as a function
of the distance between high voltage electrode and the measure
point, for free jet con昀椀guration.

PTFEwall along the whole capillary, it is not possible to meas-

ure either the sum of discharge and displacement currents in

the quartz chamber (i.e. Idisch1 + Idisp1), or at the plume (i.e.

Idisch2 + Idisp2). However, 昀椀gure 17(a) is interesting to discuss

qualitatively the results presented in this article, even if all cur-

rents are not fully quanti昀椀ed at this stage. Figures 17(b)–(e)

shows currents 昀氀owing through the system for different con-

昀椀gurations (free jet vs. human box) or excitation (sinusoidal

vs. pulsed). The size of each current arrow indicates its relat-

ive importance qualitatively. Please note that voltages, imped-

ances and currents are time-dependent. Arrows represent cur-

rents on average.

The results of this work are discussed, mainly with respect

to the proposed electrical equivalent, as follows:

(a) When increasing the peak voltage used (in section 3.1),

large variations were observed in RS production for small

variations in dissipated power with the human box, but not

in free jet. It suggests that the discharge current, which

is mainly responsible for RS production, is substantially

modi昀椀ed when the target changes. However, its relative

importance with regard to displacement current, that also

accounts for power dissipation, is low.

This behavior has already been reported by Viegas et al

[54] and Liu et al [55] for a similar plasma jet. In Viegas’

work, the displacement current peaks were four times big-

ger than the discharge current (in free jet and with a 昀氀oat-

ing or grounded target). The target con昀椀guration did not

in昀氀uence the displacement current, whereas the discharge

current increased with a grounded target.

Figures 17(b) and (c) compares these two situations.

The differences can be understood based on the imped-

ances present in the model. The target impedance in free

jet is very high, while the total impedance of the human

box is between 0.9 and 1 kΩ depending on the frequency.

In that regard, the current 昀氀owing into the plume (and so

also the discharge current in the plume) is substantially

increased when using a human box. In nano pulse con-

ditions (with a pulse width of 100 ns), the main frequency

component of the applied voltage is estimated at 2 MHz

giving a reactance of about 230Ω for the PTFEwall which

is small compared to the impedance of both open-air and

the human box. In that regard, the current leaks are sim-

ilar for both human box and free jet con昀椀gurations, and

the displacement current is relatively stable and relatively

important with regard to discharge current.

Globally, it suggests that the system should be electric-

ally designed to limit displacement current and to increase

discharge current, i.e. to improve plasma reactivity and

limit power dissipation.

(b) When the jet-to-target distance changes (the gas gap at the

capillary end), two trends were observed (in section 3.2).

For a small gas gap (d < 1 cm), the power is dissipated by

the plasma in a restricted area, and the gas ionization is

high. A longer ionized plasma channel appears when the

gas gap lengthens, consuming more power, as observed

by Sobota et al [56]. However, increasing the gas gap

even more (d > 1.5 cm) prevents a clear plasma channel

(continuous zone of ignited plasma between capillary and

target) from being established. The total impedance after

the capillary end (including gas gap) increases, leading to

lower current and dissipated power. This phenomenon is

9
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Figure 17. (A) Electrical equivalent circuit approach to explain electrical behaviors observed with measurements. Itot is the input current
昀氀owing from the generator to the high-voltage electrode. Va is the applied voltage. Idisch represents the current 昀氀owing through the ignited
plasma, and Idisp represents the current 昀氀owing through the system without plasma. Iprobe is the current through the high voltage probe (with
Cprobe = 3 pF) and Ileak represents the current leaks through the PTFE wall. The target corresponds either to the human box (see 昀椀gure 3) or
the air (free jet con昀椀guration). Cd, Cg, and Rp are the dielectric capacitance (of quartz and the PTFE tube wall), the gas capacitance
(between the quartz wall and the copper rod 昀椀rst, and then between the tip of the copper wire and the target), and the plasma variable
resistance (again, at both ends of the copper central rod or wire), respectively. (b), (c), (d) and (e) give schematic representations of current
昀氀ows through the endoscopic plasma jet depending on the system impedances, to support discussion section. Green arrows represent the
total input current, the blue the displacement currents (capacitive) and the pink the discharge currents (conductive).

similar to the free jet con昀椀guration, which can be com-

pared to a long gas gap.

(c) When the pulse repetition frequency was increased from 2

to 10 kHz (in section 3.3), the emission intensity of RS pro-

portionally increased. It suggests that no synergetic effect

is observed between speci昀椀c RS production and pulse fre-

quency (within this frequency range), i.e. RS produced by

successive pulses do not exceed the sum of those that indi-

vidual pulses would have produced. Indeed, with such a

synergy, called the memory effect [57–60], a present state

of the system could depend on a previous event. Hence,

a lower energy consumption per pulse would be expected

for higher frequencies due to the presence of charged spe-

cies from the previous discharge. Species known to induce

such an effect are leftover electrons, metastable species,

and charges accumulated on the dielectric surface. These

have different life timescales:

• Nijdam et al [61] have shown that leftover electrons

strongly impact the subsequent discharges for a time

between voltage pulses up to several hundreds of

nanoseconds, and that they still can slightly in昀氀uence

the subsequent ignition after several microseconds. As

this interval increases, the leftover electrons’ impact

decreases and ultimately disappears for durations above

several dozens of milliseconds, resulting in independent

discharges.

• Helium metastable species, with their lifetime of the

order of dozens of microseconds [51, 62, 63], can also

act as energy reservoirs for electrons or exhibit lower

10
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ionization thresholds, easing the subsequent discharge

ignition [59].

• Finally, surface charges accumulating on the dielectric

barrier considerably in昀氀uence subsequent discharges

[64]. Indeed, Viegas et al have shown that after one

microsecond from the previous discharge, the target is

partially neutralized, and the remnant deposited charges

can stay for at least 200 µs [60].

Therefore, the shortest analyzed time between pulses

(i.e. 100 µs corresponding to a 10 kHz frequency) was not

short enough to reach the main lifetime timescale (<10 µs)
of the species responsible for the memory effect. So, we

did not observe it in terms of dissipated power when vary-

ing the frequency. However, remnants of those species

have longer lifetimes. The longest analyzed time between

pulses (i.e. 500 µs corresponding to a 2 kHz frequency)

was not long enough to allow the total decay of free elec-

trons and accumulated charges. In that regard, should a

memory effect be due to remnants of the species, a similar

memory effect would have occurred for all pulse repetition

frequencies, also leading to a linear trend.

(d) When the applied voltage pulses were lengthened (in

section 3.4), the dissipated power increased while plasma

reactivity was unchanged. The 昀椀rst phenomenon that

could explain the additional dissipated power is related

to current oscillations. After each pulse rise, and as long

as the peak voltage is maintained (i.e. between t1 and

ti in 昀椀gure 13), the current shows oscillations at around

13MHz. These could result from a resonance phenomenon

with the high voltage wire self-inductance and the system

capacitance. The wire self-inductance was estimated at

984 nH (length of 85 cm and diameter of 5 mm) [65]. The

system capacitance was estimated at Cd−quartz = 24 pF

considering that the whole system is capacitive mainly

from the dielectric barrier during the voltage pulse [66].

With those values, the system resonance frequency [67]

(f= 1/
(

2π
√
LC

)

) is estimated at 33MHz, relatively close

to the observed frequency. Those oscillations mainly cor-

respond to displacement current (as the voltage variations

at the top of the voltage pulse are insuf昀椀cient to induce

a discharge) and could dissipate power through dielec-

tric losses, represented by an equivalent series resistance

(ESRquartz in 昀椀gure 17(a)). Consequently, this displace-

ment current dissipates power without the production of

emitting species.

The second phenomenon that could explain the addi-

tional dissipated power is related to the relatively short

time between successive current pulses (hundreds of nano-

seconds) within one voltage pulse. In this context, a

memory effect could manifest through the presence of

electrons in the gas gap (which have a strong in昀氀u-

ence for a time interval below 1 µs), charge accumula-

tion at the dielectric surface (which are neutralized only

after microseconds), or helium metastable species (whose

lifetime is dozens of microseconds), easing the ignition

of the negative discharge. This would result in a smal-

ler negative discharge current pulse for shorter pulse

width, diminishing the power dissipation by the discharge

itself.

(e) The current along the tube decreases linearly with the

probe position (as observed in section 3.4). Current leak-

age was already reported upon sinusoidal voltage excit-

ation on a similar system [46]. This previous study has

shown that the current 昀氀owing in the tube was proportional

to the distance between the high voltage electrode and the

measurement point, demonstrating a leakage current with

a constant value per unit of length (0.06 mA RMS cm−1)

in the free jet con昀椀guration. This current leak was not

observed with an electrical equivalent human body target

as its impedance was small enough to offer a preferential

path for the current.

In this work, with pulsed voltage, the RMS current

decreased along the tube in both con昀椀gurations with a slope of

0.20 mA cm−1. In free jet, the current loss was smaller with

pulsed voltage than with sinusoidal voltage: 30% of the RMS

current remained at the end of the tube with pulsed voltage,

versus 4% for sinusoidal for the same tube length. This pro-

portion was obtained by taking the ratio of the current at the

end of the tube (180 cm from HV electrode) over the current

at the beginning (20 cm from HV electrode). In that regard,

two major differences can be observed. First, the current leak-

age pro昀椀le did not depend on the target for pulsed excita-

tion whereas, for sinusoidal excitation, leakage was nearly not

observed with the human box but was quite pronounced in the

free jet con昀椀guration. Second, in free jet, a larger part of the

current remains at the plume for pulsed excitation compared

to sinusoidal excitation.

The 昀椀rst observation could be explained by the reactance of

the PTFE wall in 昀椀gures 17(b)–(e). With a sinusoidal voltage

applied at 18 kHz (i.e. reported frequency), the reactance is

estimated at 26 kΩ for the whole capillary (昀椀gures 17(d) and

(e)). The human box hence offers a path of lower impedance

(i.e. between 0.9 and 1 kΩ depending on the frequency, see

昀椀gure 2 for the electrical equivalent) by comparison with the

high reactance of the tube walls (i.e. 26 kΩ). For pulsed input

voltage (昀椀gures 17(b) and (c)), this is no longer the case, as

already discussed in point 1 (i.e. the 230 Ω of the tube walls

is low compared to the impedance of both open-air and the

human box), explaining why current leaks are similar for both

human box and free jet con昀椀gurations.

The second observation could be explained by the imped-

ance of the plume (right pink box in 昀椀gure 17), which is

smaller, on average, for pulsed excitation (昀椀gure 17(b)) com-

pared to sinusoidal excitation (昀椀gure 17(d)). In that regard,

even if there is a smaller reactance of the tube walls, which

tends to make current leak out of the device, a larger pro-

portion still reaches the plume. The moments during which

displacement and discharge currents 昀氀ow are important to

explain the relative loss of current. With pulsed voltage, no

voltage is applied to the system between pulses, and the

device has no resulting current, hence no loss. During pulses,

a discharge appears, creating a low impedance at the plume

(RP2 decreases in 昀椀gure 17(b)), and a large discharge current

(Idisp2 in 昀椀gure 17(b)) 昀氀ows. By contrast, a varying voltage is
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applied continuously with sinusoidal excitation. It implies that

a displacement current continuously 昀氀ows through the capil-

lary dielectric walls even when plasma is not ignited (hence

RP2 is large in 昀椀gure 17(d)). In that regard, the total ratio

of discharge current over displacement current is larger with

pulsed excitation than with AC excitation, reducing the relat-

ive importance of the leaks.

5. Conclusion

The major 昀椀ndings included:

• Target con昀椀guration (impedance of target and distance)

determines the behavior of the system. It should be

considered to design robust medical devices preventing

unwanted changes in plasma regime, for example, if the dis-

tance between the capillary and the target varies during the

treatment.

• The species production can drastically be enhanced with

higher peak voltage when in contact with a human body

electrical equivalent target. However, power consumption

does not re昀氀ect this change directly, implying that the sys-

tem behavesmore ef昀椀ciently. It also implies that by reducing

either dielectric losses, or displacement current, it is pos-

sible to increase the ratio of plasma reactivity over power

consumption.

• No memory effect between pulses was observed in the sta-

tionary regime, within the frequency range of 2–10 kHz.

Therefore, increasing frequency increases plume intensity

and RS production relatively linearly. In future work, other

frequency ranges should be explored and initial discharges,

before the stationary regime, should be studied.

• Reducing the pulse width from 400 to 100 ns decreases

dissipated power without impacting plasma reactivity. This

may be explained by a diminution of power losses in the

dielectric material and/or by a memory effect easing the

second current discharge.

• For a 2 m long plasma jet, pulsed excitation voltage leads to

a better discharge current (i.e. producing RS) over displace-

ment current (unwanted for medical applications) ratio, than

sinusoidal excitation voltage. For pulsed excitation, leakage

currents are similar in free jet and with a human body elec-

trical equivalent target. On the contrary, for sinusoidal excit-

ation, leakage current is larger in the free jet con昀椀guration.

Those 昀椀ndings could be of great interest for the cold plasma

medicine 昀椀eld where reactive oxygen and nitrogen species

are responsible for cell responses, and current administration

should be kept low [24, 25, 68]. This behavior should be con-

昀椀rmed in further work with a better model of human tissues

[69] or in vivo, to assess the cellular responses.

Finally, a detailed electrical equivalent model for a long

plasma jet for endoscopy is now needed to deeply understand

the electrical behavior of such a medical device and to be able

to predict and mitigate risks for the patients and physicians.

This will be the object of further investigations.
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