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Abstract

The surface charge dynamics due to the interaction betweenra nanosecond pulsed atmospheric
pressure plasma jet (APPJ) and a grounded dielectric surface is investigated by two-dimensional
axisymmetric fluid simulation. The development of APPJ.can.be divided into three stages: (1) the
primary discharge, (2) the return and forward strokes, and (3) s;rface ionization wave (SIW). It is
verified that the forward stroke plays a critical role.on the polarity of surface charges, which can be
further controlled by pulse parameters (e.g. pulse width and voltage amplitude). The enhanced
forward stroke, characterized by an elevated electric field with a relatively uniform distribution along
the APPJ channel, raises the potential.drop acrossthe plasma column and creates the conditions for
the field reversal near the target. These flip the axial electric field and drive electrons moving towards
the target, as a result of whichy'thespolarity of surface charges reverses. This indicate that as the
potential drop cross the plasma column exceed the applied voltage, the direction of electric field
revers and can cause the polarity reversion of surface charge. Thus, the reversal instant can happen at
the voltage plateau, the voltage falling edge or after the applied voltage has reduced to zero. Due to
the time sequenceof surface charge reversing at different radial positions, which induces a remarkable
radial field componeént, a negative SIW further develops along the dielectric target. As feedback, this
phenomenon results, in both enhanced net charge transfer to the dielectric and intensive energy
depositioni(electron Joule heating) of APPJ in the vicinity of the target. This study opens a new route
towards, the application optimization of APPJ in multiple fields via the feedback effect of surface

charges on APPJ-surface interaction.
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1. Introduction

Atmospheric pressure plasma jet (APPJ) driven by nanosecond voltage pulses is characterized
by its unique non-equilibrium feature (e.g. low temperature and abundant active species) under
transient high power density [1-4]. As one of the promising discharge formats, APPJ can deliver high
electric field, radiation, as well as a wide range of active and charged species fot remote loecalized
treatment [5,6], showing great potential in various fields, such as bio-medicine'[7,8], agriculture [9],

and material modifications [10,11].

Interactions between the plasma and the surface are critical in practical applications [6,12]. The
impingement of discharge and the evolution of the electric field directly affect the fluxes of active
and charged species to the surface, which further influences its electrical and chemical properties [13-
15]. In turn, the permittivity, conductivity, and morphology ©f the surface greatly alter the discharge
dynamics [16-20], e.g. the appearance of the return stroke and the surface ionization wave (SIW).
Revealing the fundamental process of plasma-surface interactionis essential for the optimization of

plasma devices.

Dynamics of surface charging (accumulation and dissipation) is one of the decisive processes
on the discharge kinetics and the energy depesition (electron Joule heating) among the interactions
[21,22], whose properties have been explored both experimentally and numerically. The
accumulation of surface charges 1§ demonstrated by a significant electric field offset before the
discharge pulse with the electriefield-induced second harmonic (E-FISH) method [23,24]. Besides,
it is impressive that the quantification of leftover charges is realized by assessing the electric field
inside a dielectric material, based on the combination of the Pockels technique and the simulations

[25-29].

Generally, since the charging is caused by the impact of the discharge, surface charges deposited
on the dielectric 'has the/same polarity with that of the applied voltage [30-33]. However, charges
having oppeosite polarity can be observed shortly after the fall of the pulse in some cases [33,34]. The
reversal of surface charge polarity is closely related to the ignition of secondary streamers, which can
be identified by current signals as reported in reference [35]. For example, with the excitation of

sinusoidal voltage waveform, a weak charged region is observed at the center part of the positive
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discharge after the applied voltage drops to zero, due to the occurrence of secondary discharge
between the powered electrode and the residual surface charge [34]. With a positive pulse train, a
reversed field offset induced by surface charges near the powered electrode appears before the next
discharge pulse, while it has the same sign as the pulse at the positions farther away [23,36]. This
phenomenon is usually attributed to the opposite electric field (reverse potential gradient) generated
between the plasma channel and the contact surface, leading to electron absorption or ion

neutralization near the target [25,35,37].

It should be noted that, after the discharge impacts the grounded.dieleetric target, besides the
SIW along the surface, there are two strokes in space, which first propagates\from the target to the
powered electrode (return stroke) and then reverses its direction and further develops to target again
(forward stroke) [30,38,39]. The return stroke propagates in.extremely high speed (~10° m/s) [40]
while with a weakened electric field, which causes that the secondary peak of electric field can only
be captured near the target [41]. In contrast, the forwatd stroke g{eatly enhances the electric field in
the channel and appears a relative uniform distribution [42,43]. These suggest that both the two
strokes can cause the redistribution of electric field imthe discharge channel, which may promote the
recombination between charges or the ignization process [6]. The simulation results [40] also show
that, after the multiple strokes, the flux of active species reaching the dielectric surface significantly

increases, which indicates that the stroke process may also affect the accumulation of surface charge.

Since the surface charges achmulated on the target essentially determine the discharge
dynamics, the uncertainties of theé deposited amount and polarity complicate the plasma-surface
interaction. The relationship among the discharge properties, surface charge dynamics, and its
feedback effect on the energy deposition is still far less well known. Thus, studies on this fundamental

process are required to advance the understanding of APPJ-surface interaction.

In this work; the interaction between the APPJ and the grounded dielectric target is investigated
by using a two-dimensional (2D) axisymmetric fluid model. The impact of pulse parameters on the
dischargerevolution and the correlation between the properties of return and forward strokes and the
surface, charge dynamics are obtained. The feedback effect of surface charges on the discharge

kinetics and energy deposition is illustrated.
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2. Model description

The numerical model of the Ar/air plasma jet is conducted based on the 2D PASSKEy (PArallel
Streamer Solver with KinEtics) framework [44], by solving the drift-diffusion-reaction equations for
charged and neutral species, the electron energy conservation equation, and the Poisson equation
(both volume and surface charge) for the electric potential. Detailed methods and benchmarks for the
fluid model can be referred to [45]. The photoionization model for Ar/air mixtare are developed and

implemented in this work. Details on the methods can be found in the Appendix.

The 2D axisymmetric computational domain 10 x 12 mm is shown infigure 1(a). To avoid
influencing the results [46], the Neumann boundary condition is applied to the radial boundary » =10
mm. The Poisson equation is solved in the entire domain, while.the continuity equations for species
are only solved in the plasma region to reduce the computational burden. An annular powered
electrode (red region) with a thickness of 50 um and a length of 2 mm is set inside the dielectric tube.
The dielectric tube, with a relative permittivity of & = 4, @ length of 4 mm, an inner radius of 0.75
mm, and an outer radius of 1.5 mm, is used. The dielectric target plate, with a relative permittivity of
& =4 and a thickness of 150 um, is attached to the ground. The distance between the tube outlet and
the target is 8 mm. These parameters are selectedirefer to our previous work [47], i.e. the inner and
outer diameter of quartz tube are the same. However, in order to save the computational resource, we
reduce the distance from the tube outlet to the grounded dielectric target. The mesh size is set as 2
pum at the gas-target interface and 5 {m at the rest of computational domain. The mesh size selected
is refine enough to capture the floating feature of the positive SIW above the dielectric surface, which
has been tested in our previous work [36] and reference [48]. There are 552%x2469 cells in the

computational domain{ For a.complete simulation, the typical computational time is ~9 days.

Through the.dielectric_tube, the gas mixtures Ar/O2 = 99/1 with a flow rate of 0.5 L/min is
injected into the ambient air (N2/O> = 80/20). Since the duration of the voltage pulse applied in this
work (50 ns, as shown below) is far less than the time scale making the gas heating effect significant
(on the erder of microseconds [49]), the gas temperature is set at 300 K in the APPJ simulation [26,40].
The steady flow field of the neutral components (figure 1) is obtained by solving the compressible
Navier-Stokes equations without the discharge, which is conducted based on the COMSOL software
[50].



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-107196.R2 Page 6 of 40

Powered electrode

~
o>
N
>
~

' 12 1

i ] Ambient '0-9

P10 i 10 e e e

P91 B A \Bos i (b)

! Dielectric : !

; Tube ™ [40.7 g4
B2t 87 ‘ ]
S o
<] _ 6 ~ 1;
Sis Ar/O, =99/1 2 & |
<18 64 05 @
S o0
g1 Plasma 19w
E! region 04 244y QN :
3: 4
i ] 0.3

: 1 2]

; | Ground o1 O ' ' B

' Target ; 0 10 20 30 40 50

1 1 w Time(ns

' 0+ 140 ns)

-10 -4 -2 0

r (mm)
Figure 1. (a) Geometry of the computational domain (left) and Ar flow field without discharge

(right), and (b) waveforms of voltage pulses applied to the powered electrode.

The chemical scheme for Ar/N»/O> containg 20 species.and 104 reactions. The following species
are included in the model: e, Ar", Ara", N2¥, 02", Na™, 047, 02'Na, 02, O, Ar(1ss), Ar(1s2), Ar(2p1),
Ar*, No(A3Z]), No(B3T,), No(C3Iy), N, O, andO('D). The reaction mechanism for Ar/N»/O refers
to [51-54] and is listed in the appendix. The transport parameters and rate coefficients are calculated
by the Boltzmann solver Bolsig+ [55] based on the cross sections taken from the LXCat database
[56], and tabulated as functions of b(&l the fraction of gas mixture and the local mean electron energy.
The initial charge density is set as 10’ m and is uniformly distributed based on quasi-neutrality. The
secondary electron emission coefficient y by ion impact on the surface is taken as 0.1. The rather high
value of secondary electron emission coefficient (y = 0.1) selected in this work is in order to roughly
consider other secondary emission processes, such as photoemission and secondary emission by the

impact of metastablespecies [6,27].

The voltage waveforms applied on the powered electrode are given in figure 1(b), aiming to
demonstrate the interaction between the plasma and the dielectric surface. For the basic condition
(case 1), the voltage parameters are set as: the rising and falling edge are 5 ns, and the pulse width
W, 1s 35 ns with the amplitude V, of 9 kV. It has been already known that changing the pulse width

or the voltage amplitude can significantly affect the accumulation of surface charges by altering the
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charging time (from the moment impact till the voltage pulse end) [25,26,57]. Based on this, the other

two operating conditions are obtained by extending W, to 40 ns (case 2), and by elevating V, to 10

oNOYTULT D WN =

kV (case 3), respectively.
10 3. Results and discussion
13 3.1 Streamer dynamics of APPJ

The typical structure and evolution of the positive APPJ are first given:yThe temporal-spatial
distribution of the electron density #e, the electron impact ionization source S, the electric field E,
and the potential @ under the voltage pulse for case 1 are presented in ﬁgure?2 and 3. Se is the net
source term of electrons including the direct impact ionization and the stepwise ionization processes,
which can be used to characterize the discharge kinetics.

26 10'¢ 10" 10'* 10" 10% 10° [m?]

27 b 1024 1025 1026 1027 1028 1029 [m'3.S'1]
28 (@) ‘ -(b) J ©

forward
stroke

w
x

z (mm)
(=2}
T
T
T

| e Bl W
Pl PRI B I Ml P PRI ErErara B S AP B erararil EPSrEre Sr | Ar SRR Earer srererl EPArar Sre ) A S Ararars Srerer S

Ui
o
z (mm)




oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - PSST-107196.R2 Page 8 of 40

Figure 2. Evolution of electron density z. (left part) and electron source Se (right part) before

and after the APPJ interacts with the target. Conditions: case 1, Va=9 kV and W, =

The discharge is initiated at the tip of the powered electrode and then propagates along th
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wave, and gradually shrinks to the axis (24.5-40.1 ns), forming a solid contact point when it reaches
the target (primary discharge). At this instant, a return stroke appears and propagates towards the
powered electrode at an extremely high speed ~4.1x10° m/s (40.1-40.8 ns). After that, ‘@ forward
stroke (40.8 ns) develops originating from the tube outlet and the powered electrode, and S. keeps a

continuous profile along the APPJ channel.

After contacting the surface, a positive SIW is formed and further propagates on the target in the
radial direction. ne in the SIW channel is further elevated compared to the primary stage. During the
voltage falling edge, both the forward stroke in space and the SIW onstarget stop propagating and

~

decay slowly versus time (42-43 ns).

The field reverse occurs after the end of the voltage pulse (46 ns), at which instant both the
electric field and the potential are too weak to obverse. In addition, there is no obvious production of
electrons near the target at the reversing instant of electric field. Subsequently, the electric field near
the target raises again (49.5 ns), indicating that the polarity of surface charge has reversed. The surface
discharge continuously develops and can directly. contact the dielectric target, transforming from a

positive into a negative SIW. Finally, the discharge intensity gradually declines.

The above obtained development of APPJ can be divided into three stages: primary discharge
(including the SIW within the tube and the forward IW in space, with time interval of 0~40.1 ns),
return and forward strokes (including a return propagating to the powered electrode and then a
forward propagating to the target again, with time interval of 40.1~43 ns), and the SIW along the

target (with time interval of 43~58 ns). These findings correlate with the previous results [25,40].

The discharge dynamics (n. and S.) of cases 2 and 3 are also presented, as shown in figures 4
and 5. It is found that by extending the pulse width or elevating the voltage amplitude, the length of
the forward stroke increases significantly, which prolongs from ~1.2 mm in case 1 to ~4 mm in case
2 and ~7.4 mm in‘case 3. In addition, the direction reverse of the electric field near the dielectric
target occurs at 47 ns and 36.8 ns, which locates at the falling edge and the plateau, respectively. After
that, the STW on the target also transforms from the positive into the negative polarity and further
developsiin radial direction. Subsequently, with the reduction of voltage, n. in the channel gradually

diffuses towards the volume and S. gradually decays.
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38 Figure 5. Evolution of electron density ne (left part) and electron source Se (right part) before and

40 after the APPJ interacts with Qe target. Conditions: case 3, V2= 10 kV and W, =35 ns.
43 3.2 Surface charge dynamics on the target

Figure 6 presents the spatial and temporal evolution of the surface charges on the grounded target
for different voltage,pulses. In order to clearly show the weak distribution of surface charge, o is
shown in the log‘scale. With the basic condition (case 1), the surface charge increases abruptly after
51 the primary dischatge impact on the target, and its quantity decreases as the distance away from the
53 axis (» = 0 mm) incteases, which indicates the trajectory of the SIW along the target. At the pulse end,
55 the polarity of the surface charge o remains positive and is consistent with that of the applied voltage.
57 However, by extending the calculation time after the voltage pulse end, the polarity of surface charge

59 reverses. at ~46.1 ns.
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Figure 6. Spatial and temporal evolution of the surface charge ¢ on the grounded target with
different voltage pulses (left column al, bl.and c1, red dashed lines indicate the start of voltage
falling edge), and dynamics of o atdifferent locations along the path of SIW (right column a2, b2
and c2).

By extending the pulse width ((Qse 2) or elevating the voltage amplitude (case 3), it is found that
the polarity of the depositedisurface charge transforms from positive to negative under both conditions.
The reversal instants appear at the falling edge and the plateau of the voltage pulse, respectively. o at
the central region (< 1 mm) has a larger magnitude compared to the target periphery (» = 2 mm)
both before and after the polarity reverse, and there is a time lag on the charge reversal along the

radial positions.

Typically, the surface charge density in references [30,58] ranges from 0.1~1 nC/cm?, which is
less than the faximal surface charge density obtained in this work ~40 nC/cm?. However, the
operating condition is significantly different in three aspects, i.e., voltage peak, target thickness, and

tube outlet=target distance. In references [30,58], besides a lower voltage peak and a thicker dielectric
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target is applied, the distance between the tube outlet and the dielectric target (3 cm) is far larger than
the operating conditions in this work. As reported in reference [35], an increased distance from the
APPJ tube outlet to the dielectric surface results in a decreased charge deposition. Thus, these cause
a weakened discharge as contacting the target and less surface charge accumulation along, the

dielectric surface.

To reveal the complex dynamics of surface charging, the 2D spatial distribution of 7. and £ near
the target, the evolution of the axial component of the electric field £, abovethe target (with a distance
of 1 um), and the electron flux I'. towards the target are given in figures 7-9 for different voltage
pulses (case 1-3), respectively. The contours are plotted in log scale (1()16~1\021 m™) for ne, and in
linear scale (0~200 kV/cm) for E. E, is positive as pointing upward. I, 1S positive as propagating

away the target. It is first positive and the dashed lines with-arrow.indicate the instant of polarity

reverse for Ie.
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Figure 7. (a) Spatial distribution of electron density #. (left part) and electric field E (right part) near
the target; (b).evolution of the axial component of electric field £, above the target, and (c) |I¢| to

target. Conditions: case 1, Va=9 kV and W}, =35 ns.

As. for the basic condition (case 1), the induced SIW along the target shows the typical features



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-107196.R2

of the positive surface discharge, that an ion-rich gap with a thickness of ~10 pm and characterized
by the large electric field is formed (figure 7(a)). During the voltage falling edge, the drop of E,
intensity weakens the proportion of the drift term along the field direction, especially in the ¢entral

region (figure 7(b)).

Meanwhile, the electron flux propagating away from the target surface first increases due to the
approaching of the positive streamer, and then gradually reduces until its ditection reverses. This
means that the diffusion towards the target becomes dominant for electrons in the discharge channel
under the weakened electric field, neutralizing the strong electric field in'the sheath-like region. This
makes that before the electric field above the dielectric target is completely r;ersed, the amount of
surface charge accumulated has begun to decline slowly. This explains the thcrement of 7. near the
target and the reduction of ¢ at » = 0 mm at the falling edge. (figure 6(a2)). Besides, although E;

reverses its direction to a weak value near the pulse end, the polarity of ¢ remains consistent with the

voltage pulse (figure 6(al)). Further extending the calculation tirge, the polarity of o reverses.
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Figure 8 shows the effect of the extended pulse width on the discharge properties near the target.
At the start of the voltage falling edge (45 ns), E, drops to almost zero, and the formed sheath-like
region with the intensive electric field disappears, leading to the direct contact of the SIW channel
with the target within the central region. The amplitude of E: first reduces to zero and then increases
in the opposite direction (figure 8(b)), which drives electrons moving towards the targetrand then
leads to the o polarity reverse. Similar findings can be observed in several dielectric barrier discharge
(DBD) structures, which usually contribute to the backward breakdown between the,plasma channel

and the dielectric/electrode when the applied voltage drops or changes polarity [23,33-36].

~
In addition, by increasing the voltage amplitude (case 3), the phenomenon of the ¢ polarity

reverse is also observed (figure 6(c)). As shown in figure 9, the electron flux towards the target
significantly increased after the instant of E. reversal. Note that, in'this case, the ¢ polarity reversal
occurs at the voltage plateau, which indicates that the reversal of therelectric field is independent of

the role of the voltage falling edge.
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Figure 92(a) Spatial distribution of electron density #. (left part) and electric field E (right part) near
the target, (b) evolution of the axial component of electric field £, above the target, and (c) |I%| to

target. Conditions: case 3, Va=10 kV and W, =35 ns.



oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

z (mm)

AUTHOR SUBMITTED MANUSCRIPT - PSST-107196.R2 Page 16 of 40

10_: ; S i d)
] o \
s O] U Applied voltage 3
% 6-: :' Voltage drop \
5 11 ‘
8 43! .
s | *d

Voltage (kV)

column from the powered electrode along the axial line » = 0.5

mm for differen ses case 1-3. Dashed lines indicate the position of tube outlet and

challenge
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branche

hat due to the limited spatial resolution of the ICCD camera, it is still
irect observe the phenomenon that the positive SIW floats above the surface or the
icks to the surface. the experimental observations [59] show that the positive streamer

roaching the dielectric and all of these channels bent towards the surface, which

indicates that the gas-phase primary streamer does not reach the dielectric. In addition, the
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behavior of positive and negative SIW have been explored by fluid and PIC/MCC simulations
[48,60,61].

Figure 10 presents the temporal evolution of the electric field magnitude £ at the axial line# =
0.5 mm. The potential drop across the plasma column is obtained by integrating E. from the powered
electrode to the upper surface of the grounded dielectric target along the axial line#= 0.5 mm; while
the potential drop across the dielectric is not included. During the development of the primary
discharge, the maximum of £ only appears at the front of the IW and/gradually increases as it
approaches the target. After that, the APPJ operates in the return and forward strokes stage, with the
properties that £ is almost uniformly distributed along the APPJ channer and its intensity is
significantly elevated from ~0.4 kV/cm to ~10-13 kV/cm. These featuresiqualitatively correlate with

the previous simulations and experiments [43,62].

As the discharge impacts the target, positive charges are first deposited on the dielectric surface
(figure 6). Considering the opposite direction between the electric field at the front of IW and that
induced by the positive o, there is a competition for obtaining the charged species within the sheath-
like region. As shown in figure 10(b-c), both the extension of the pulse width and the increment in
the voltage amplitude promote the developmentiof the forward stroke, resulting in a sharp increment
of the potential drop along the APPJ channel from the powered electrode to the front of IW (figure
10(e-f)). Consequently, the potentialsat the discharge front is remarkably reduced, changing E; to the
opposite direction and promoting th\e motion of electrons towards the target. As indicated by the
arrows, there is the weakest E near the surface before the instant of the o polarity reverse. As the
potential drop cross the plasma column exceeds the applied voltage, the direction of electric field
reverses, which can further lead to the polarity reversal of surface charge. The reversal instant can
happen at the voltage plateau, the voltage falling edge or after the applied voltage has reduced to zero,
which depends on the'’competitive relation between the potential drop and the applied voltage. Similar

phenomenon'is reported in references [23,26,33-36].

Therabove results show that the intensity of the forward stroke can be adjusted by varying the
pulse parameters, such as pulse width and voltage amplitude, which further affects the direction of £,
near the target and the surface charge dynamics. Extending the pulse width or elevating the voltage

amplitude essentially increases the charging time [25,26,57], both of which present the similar effect
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on the surface charge. As demonstrated in reference [57], a longer pulse width can directly control
the amount of changing during the voltage pulse, and a larger voltage amplitude can significantly
alter the propagation velocity of IW and thus changes the impact instant, resulting in a lenger
changing time till the end of the pulse. This suggests that the plasma-surface interaction not only
depends on the local contact between the APPJ and the target, but is also closely related to the-global

discharge characteristics.
3.3 Feedback of surface charge on APPJ-target interaction

When the polarity of o reverses, the discharge properties change a¢cordingly:Figure 11 presents
the temporal evolution of the radial electric field component E; above the target (with a distance of

10 um) and surface charge density o on the target. E; is positivesas pointingoutward.

As for case 1, the induced SIW starts to propagate in the radial direction, and the fields at
locations further away from the central region sequentially:reach the peak and then diminish after the
front passes. As the voltage reduces, the peak amplitude of E: dra;tically drops, and the positive SIW
stops near » = 1.5 mm. After the pulse end, the surface charge density gradually decreases and changes

its polarity to negative at ~46.1 ns.

However, after the instant of £ polarity réverse in the central region (47 ns for case 2 and 36.8
ns for case 3), a negative SIW further develops along the target surface, forming a diffuse profile at
the periphery and contacting the target directly. During this process, the direction of E: reverses by
pointing inwards, and n. in the disalarge channel is obviously elevated, indicating that the SIW
transforms from the positive to the negative one. This also explains the time lag of & polarity reverse

between the central and.periphery regions (figure 6).

As reported in reference [26,34], the charging process occurs faster in the center of the impact
point, which is proved in‘thisswork that the surface charge in the inner region firstly transits from
positive to négative polarity, and then gradually expands outward along the target surface. This non-
uniform distribution of surface charge causes a remarkable radial component of electric field and
induces a negative SIW further develops, which results in the direction of E, revert. The mechanism
causes the polarity reversion of surface charge at diverse locations are different. In the center region,

it 1s attributed to the reversal of electric field caused by the extension of forward stroke, whereas in
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of the total charge accumulation Q, the net charge transfer, and the properties of energy deposition

for different pulses are shown in figure 12. The obtained net charge transfer and total energy is

integrated over the voltage pulse. The energy deposition means the integration of power density. due

to electron Joule heating. This can be thought of the total energy that electrons can/get from, the

applied electric field, which then consumed in the collisions such as excitation'and ionization«Thus,

the coverage of the energy deposition can be used to roughly represent the spatial distribution of

active species, which may play a key role in the plasma-surface interaction.
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density, and (d) energy deposited near the target for different voltage waveforms. Dashed lines with
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arrow indicate the instant of polarity reverse for Q.

The amplitude of Q first reaches the peak (positive) during the propagation of SIW;.and then
sharply changes its polarity and increases in the opposite direction (negative) until the pulse ends:
The difference between the two peaks within the voltage pulse is defined as the net ¢harge transfer,
which is generally considered to be correlated with the energy deposition during the,discharge pulse
[22,23]. The maximal net charge transfer in this work can reach up to ~5.3 nCjwhich isat the same

order of magnitude with the typical value measured in experiments [63].

The spatial distribution of energy deposition can be obtained by firstly summing the product of
energy density and cell volume over the computation domain, and then integrating it over the voltage
pulse. As shown in figure 12(c), the spatial coverage and the energy density vary among the three
pulses. For example, more energy is deposited near the surface mcases2'and 3 with ¢ polarity reverse
due to the further developed SIW or the enhanced discharge in space with higher voltage amplitude,

respectively. y

Intuitively, the closer to the target, the greater:dominant role of the deposited energy is likely to
be in the plasma-surface interaction. However, by, summing the energy deposition over a certain
distance, the obtained total energy as a function of the distance to the target surface shows a different
tendency (figure 12(d)). It is found that in regions closer to the target (with a distance of ~24 um),
the deposited energy in case 2 has a larger magnitude than that of case 3, which is exactly consistent
with that of the net charge transfer. But further away from the surface, the trend is reversed, suggesting
that the energy provided by the discharge in space begins to dominate due to the elevated voltage
amplitude. For practical‘applications, the net charge transfer can be used to evaluate the energy

deposition between the APPJ-surface interaction quantitatively.

The resultsdemonstrate the impact of forward strokes on the surface charge dynamics and the
feedback effect of o on' the development and energy deposition of the discharge, revealing the
fundamental process of the plasma-surface interaction under the positive pulses. In fact, the
interaction between the APPJ and the dielectric target is essentially a 3D phenomenon, which makes
it difficult to eapture the complex dynamics of the discharge propagation by the 2D axisymmetric

fluidimodel, such as the stochastic branching or the plasma pattern formed on the surface [64]. The
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2D axisymmetric fluid model is suitable to treat the axial dominance problem, such as the discharge
in a pin-to-plate electrode. Inevitably, the more deviation of discharge morphology from the
axisymmetric structure, the less accuracy of the simulation compared to the reality. However, at
present, the 2D model is still an effective method to fairly good describe the discharge dynamics with
less computational burden. It should be noted that the parameter sweep considered in this,work is
quite limited, which only reveals the critical thresholds of parameters that affect the surface charge
dynamics, e.g. a higher voltage amplitude or a longer pulse width can lead toearlierpolarity reversal
of the surface charge. The investigations on more detailed parameter sweep.are beyond the scope of
this work. In addition, the photoionization model for the Ar/air discharge.developed in this work is
still rough and needs further precise verification in experiments. A kinetic treatment of electrons or a

3D model is required to advance the understanding of the plasma=surface interaction.
4. Conclusions

In this work, the interaction of a nanosecond pulsed atmoSpheric pressure plasma jet with a
grounded dielectric target is numerically investigated by a 2D axisymmetric fluid model. The
development of the APPJ both in the space and on the target is obtained under different pulse
parameters. The decisive role of forward strokesen the surface charge dynamics, and in turn, the
feedback of surface charge on the discharge kinetics and energy deposition in the APPJ-surface

interaction are illustrated.

The development of APPJ cansbe divided into three stages: primary discharge, return and
forward strokes, and the SIW'on the target. After the primary discharge impact the grounded target,
two strokes appear, which first propagates from the target to the powered electrode (return stroke)
and then reverses its/direction and further develops to target again (forward stroke), creating the
conditions for fieldteversal near the target. The forward stroke, characterized by an elevated electric
field with a relatively uniform distribution across the plasma column, has a decisive impact on the
direction of the axial electric field near the target. By extending the pulse width or elevating the
voltageamplitude,the forward stroke is enhanced and the potential drop across the plasma column
can exceed the applied voltage, which reverts the direction of electric field and promotes the motion

of electrons towards the target. Ultimately, the polarity of surface charges on the target is reversed.
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Although this work only focuses on a limited range of the parameter sweep, the revealed
mechanism is also applicable to the phenomenon that the polarity reversal of surface charge observed
under different electrode structures and voltage waveforms like in references [23,25,33-36].
Specifically, as the potential drop across the plasma column exceeds the applied voltage, the resulting
direction reversal of electric field can affect the polarity of surface charge. The simulated.results

elucidate the impact of this competitive relation on the surface charge dynamics.

Due to the time sequence of the polarity reverse of surface charges along the radial positions, a
remarkable radial component of the electric field is induced, resulting’in a \negative SIW further
develops on the target surface. Furthermore, the energy deposition in.the vicinity of the target is
significantly enhanced, which is positively correlated with the net charge ‘transfer on the dielectric.
The presented work demonstrates the relationship between the pulse parameters, discharge kinetics,

and surface charge dynamics, providing insight into the gegulation of the energy deposition in the

plasma-surface interaction and the optimization of APPJ applicat"ons.
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Appendix

(1) Basic equations and flux boundary

ot

I' =nu=-DVn+ uEn (A2)
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—a(’(;elg’")+v-l“g=—qe'E'FE_P(gm) (A3)
V(e V9)=p -0 N
¥ - Ya(v-r) <

where n, I', S, D, and u are number density, flux, source term due to reactions or photoionization,

diffusion coefficient, and mobility of species. 7, ge, €m, I'; are the electron dénsity, elementary charge,

mean electron energy, flux term, respectively. Electron transport coefficients, reaction rates, and
~

electron collision power lost P(e,) are calculated by Bolsig+ [55], based on the local mean energy

approximation (LMEA). Poisson equation is solved with consideration of the dielectric surface charge

density o. In the simulation, the initial value of mean electron.energy.is set a low value 1 eV, and the

surface charge density is zero.

The boundary condition that the species flux I" to be directed towards the surface is imposed in

the model according to [65-67],

r,-n =(a-)punE:n —(a<1)D,Vn,-n,—ad oI, -n, (A6)
I.-n=(a-)unefE-n —(a—1)D,Vne, n, - a(%kbﬂEJZyFi,+ n, (A7)
I _-n=(a-1)u.n_E-n—(a—1)DVn,_-n, (A8)
A

Fi,+ ) ns 3 alui,+ni,+E ’ ns - aDi,+Vni,+ ' ns (A9)

I, E-n <0
a= (A10)

{0, E-n >0

where I, I';, I;-, 4% are the'flux of electron, electron energy, negative, and positive species. ny is
normal vector pointing outward: y is the secondary emission coefficient by impact of ions. T are the
temperature of electron of secondary electron emitted from surface, and is set as 1 eV in the simulation

[67].

In'the simulation, an adaptive time step is used. The time step is limited by four characteristic

time seales [68]: the drift dynamics time step A, ., the diffusion dynamics time step Az, the
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kinetics time step At ., and the dielectric relaxation time step Af,, ;-
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where, &, =0.1, &,,=0.1, &, =1.0, &,,=1.0. During the,simulation, the timestep ranges from
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(2) Photoionization for Ar/air system

w w w
w N =

A photoionization model for discharge in the argon/air mixture is developed to study the APPJ

w w
(S, N

properties. It assumes that the VUV radiation emitted by the excited argon species is absorbed by O

w w
N O

and photoionization occurs. The photoienization rate Sph at point » due to source point r'emitting UV

w W
O

photons can be written as [69,70],

A~ D
N = O

ng av = Am@ JoREAR) 4y (A1)

P e
b w

where R is the distance between the two points 7 and r'. I, p, &, n, and 7 are the photon source term,
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the total pressuregsthe photoionization efficiency, the density and lifetime of the excited state,
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respectively. The photoionization function takes the following form [70,71],
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where w is the excitation coefficient of emitting state, oesr is the effective Townsend coefficient. Amin
and Amax 1s the spectral range of the radiation. & and ua are the spectrally resolved photoionization

yield and the absorption coefficient.

As a rough approximation, several spectral lines are selected to implement the multigroup
method [69], and then substitute the complex spectral integration term in equation 4, which
corresponds to the lower energy bound for O» ionization (12.06 eV, 102.8 nm); the upper bound for
N> ionization (15.6 eV, 79.7 nm), and that having the strongest intensity (87.9 nm) within this range

[72], respectively. Specifically, for each component j, the equation 4 can'be simplified,
~

R
g( ) _ ZLEQ/ &e—(#ﬂ/p)pR (Al4)
p — 4 Ay p

By comparing equation 3, the fitting parameters 4;j and /; can be evaluated, and photoionization

rate Sph,j can be obtained,

L 4
4= : K (AL5)
Ar &, p
2t —gr L (AL6)
p Tk, T
V) [, (n)])= 3405 ) (A1)
Silr) = ZSph,j (r)= ZAij’/’o,j () (A18)

where kg is the Boltzmann constant, 7" is the gas temperature, c is the light speed, and Po(r) is the
isotropic part of the'photon. distribution function. gaps is the absorption cross section with the value of
1.1x10" cm? (1025 nm), 11.58x10'® cm™ (87.9 nm), and 23.1x10'"® cm™? (79.7 nm) for each
component [73], respectively. Although the rough treatment proposed in this work falls short of
physics«torsome.extent, it still provides a feasible approximation to access the photoionization for

discharges in the Ar/air mixture.

(3) Validity of the drift-diffusion approximation
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As reported in reference [74], the requirement for validity of the drift-diffusion approximation

18 Ach > Amp, Where Amgp 1s the mean free path of electron, and Ach is the spatial scale of electron

oNOYTULT D WN =

density variation in the streamer head. Considering the Ar/air mixture of APPJ system in this work,
10 the effective cross section should range from 3x102° m? (N2 molecule) [74] to 107" m? (Ar molecule)
[56] and the neutral gas density at atmospheric pressure is ~2.5x10* m?, restlting in Amjpis‘about
0.4-1.3 um. The distribution of electron density after the impact of discharge on the target is shown
as an example for the calculation of Acn with conditions of case 3 Va = 10 kVsand W= 35 ns (figure
Al). It can be found that Acn sharply decreases as the discharge approaches the target and the
minimum is ~7.9 pm, which is still far larger than A. Besides, the eléctricfield in streamer head Esp
only slightly rises above the critical limit Ejim = 1500 Td [74] and then.reduces to a low value. Thus,
23 it can be generally regarded that the setting of mesh size and timestep in the simulation is able to

25 describe this APPJ system.

27 1 dn
28 Al=——% A19
ch dx ( )

29 n,
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Figure Al. (a) Illustration fof calculating the spatial scale of electron density variation in the

streamer head Agh; (b)temporal evolution of Acn and ratio of Esp/Elim.
(4) Impact of mesh size

A refiner mesh with size of 1 um is used at the gas-target interface to test the impact of mesh
size on the simulation results. The spatial and temporal evolution of surface charge on the grounded
target and the dynamics of |aat different locations along the path of SIW are given in figure A2. It
can be found'that thewevert instant is slightly delayed but the phenomenon of the polarity reverse for
the surface charge remains unchanged. This also indicates that the mesh size of 2 um is enough to

capture the reversal of surface charge at the gas-target interface.
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Figure A2. Spatial and temporal evolutionief the surface charge o on the grounded target and
dynamics of |o] at different locations along the path of SIW. Dashed lines with arrow indicate the
instant of polarity reverse for . Conditions: case2, ¥, = 9 kV and W, = 40 ns, mesh size is 1 um at

the gas-target interface.
39 (5) Impact of secondary electronemission

A lower y of 0.01 is used to te? the impact of secondary electron emission coefficient on the
simulation results. The spatial and temporal evolution of surface charge on the grounded target and
the dynamics of |o| at different locations along the path of SIW are given in figure A3. The instant of
the surface charge gpolarity reversal appears earlier (~46.3 ns) compared to case with a larger
secondary electron emission. coefficient y = 0.1 (~47 ns, figure 6(b)). However, the phenomenon of

51 the surface charge teversal can still be captured.
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Figure A3. Spatial and temporal evolutionief the surface charge o on the grounded target and
dynamics of |o] at different locations along the path of SIW. Dashed lines with arrow indicate the

instant of polarity reverse for o. Conditions: case2, V. =9 kV and W, = 40 ns, secondary electron

emission is 0.01.

(6) Reaction scheme for Ar/Air mixture

Table A1 Kinetics\scheme of Ar/N»/O; system in APPJ [51-54]

No. Reactions Rate (s”!, cm’s!, cm®s™)
1 e+N, >e+e+N, f(€)

2 e+0, >e+e+0, f(€)

3 edNyjoewe+N,(4z)) 7 ()

4 e+N2—>e+e+N2(B3Hg) f(g)

5 e+N2—>e+e+N2(C3Hu) f(g)

6 et0, >e+0+0 f(€)

7 e+02—>e+O+O(ID) f(g)

8 | N,+N,+N, >N, +N, 5107

9 N, +N,+0, >N, +0, 5107
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No. Reactions Rate (s, , cmbs)
10 N,;+0, >0, +N,+N, 2.5.107"°

11 N,;+0, >0, +N, 6-107"

12 0,+N,+N, 5> O,N, +N, 9.10"

13 O)N,+N, 50, +N, +N, 43.107"°

14 O,N,+0, >0, +N, 107

15 0,+0,+N, 50, +N, 24.107°

16 O§+02+02 —>OZ+O2 2.4.107°°

17 ¢+0,+0, >0, +0, 2107 (300/7,)

18 e+0,—>0 +0, f(¢) -
19 O +0—e+0, 1.4.1071°

20 0,+0—>e+0,+0 15-107"

21 e+N; 5N, +N,(c’m,) 23-10°° (30047, )"
2 etN} 5>N+N 1.8-107 (30047,)"
23 ¢+0, >0+0+0, 14-107%,(300/ 7)™’
24 e+0, >0+0 2107 (300/ 7,)

25 0,+0, - 30, 1077

26 0,+0, +N, 30, +N, 5.107%

27 0,+0, +0, -30,+0} 2.107%

28 0,+0, +N, 520, +N, 2.10%

29  0,+0,+0, - 205+0, 2.10°%

30 0 +N; >0+N#N 2.107 (300/7,,)"
31 N,(Cm, )+ N, —Qz( B, )+N, 1o

32 ( u)+O =N, +O+O( ) 3.1071°

33 N, (CHY) > Nyt hy 2.45-107

34 N,(BH, )40, »N,+0+0 3-107"

35 N (B, )4N, 5 N, (£55)+N, o

36 Ny(4’5;)+0, >N, +0+0 25102 (7, 1300)"
37 L. o'p)¥0,B0+0, 3.3-10 " exp(67/7,,)
38 o('D)+N, »0+N, 1810 exp(107/T,,,)
39  e¥Ar—se+e+Ar f(e)

40 e+Ar—>e+Ar(1s5) f(g)

41 e+Ar—>e+Ar(1s2) f(.s)

42 e+Ar—>e+Ar(2p1) f(g)
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No. Reactions Rate (s, cm’s!, cm%s)
43 e+Ar(ls;) >e+e+Ar f(¢)

44 e+ Ar(ls;) >e+Ar 2:107-04

45 e+Ar(ls,) >e+Ar 2:107 .04

46  e+Ar(2p)—>e+Ar 2:107 .02

47  e+Ar(lsg) >e+Ar(ls,) f(e)

48  e+Ar(ls,) >e+Ar(2p)) (&)

49 e+e+Ar >e+Ar(2p) 2.10% (300/ 7 )**

50 e+Ar +Ar—Ar(2p,)+Ar 6-107%

51 e+Ar - Ar(ls,)+Ar 1.62-107 (300/ 7). 04
52 e+Ar, > Ar(ls,)+Ar 1.62:107 (3004 7). 0.4
53 e+Ar — Ar(2p,)+Ar 1.62-107 (300/ 7)**10.2
54  Ar+Ar(2p,)— Ar+Ar(lsy) 4.10"

55 Ar+Ar+Ar" — Ar+Ar, 2.5-107"

56 Ar+Ar, — Ar+Ar+Ar(2p,) 107"

57 Ar(ls))+ Ar(lsg) > e+ Ar+ Ar® 16210797

58  Ar(ls,)+Ar(ls,) > e+ Ar+ A 1.62-10""°

59  Ar(2p,)+Ar(2p,) —>e+Ar+Ar 1.62-107"°

60  Ar(lsg)+Ar(2p,) — e #AnhAr" 1.62-107"°

61  Ar(ls,)+Ar(2p,) > e+ Ar+Ar 1.62-107"°

62 Ar(ls;)+Ar, — ¢42Ar+ Ar' 61071

63 Ar(ls,)+Ar, > e42Ar + A 61071

64 Ar(1s5)+Ar+Ar—>\Ar2*+Ar 1077

65  Ar +Ar, —@+2AT+ AL, 5-107"°

66  Ar(lsf) 4 Ar 5.10°

67  Ar(ls,) > An 42-107

68  Ar—>2Ar 3.8-10°

69 _Ar(lsg)+ 04— Ar+0+0 2.1-107%°

70 | Ar(ls; )& Ny Ar+ N, (4°5)) 3.6-107"!

717 “At(lsg)+N, > Ar+N+N 36-107"

72 Ar(ls)+ N, (45 ) > ANy +e 50710

73 WAr(1s5)+ N, (4'5) ) > Are N+ N 36107

74/ Ar(ls,)+0, > Ar+0+0 2.1-107"

75 Ar(ls,)+N, > Ar+ N, (4’2 3.6-10"
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Reactions

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

Ar(ls,)+N, > Ar+N+N
Ar(1s,)+ N, (4’S)) > Ar+N; +e
Ar(1s,) +N, (42} ) > Ar+ N+ N
Ar(2p,)+0, > Ar+0,
Ar(2p,)+0, > Ar+0+0
Ar(2p,)+N, > Ar+ N, (4’2
Ar(2p,)+N, > Ar+N+N
Ar(2p,)+N, > Ar+N,

Ar" +O —> Ar+0

Ar’ +O +Ar - 2Ar+0
Ar'+0 +0, > Ar+0+0,
Ar' +0 +N, > Ar+O0+N,
Ar' +0, > Ar+0,

Ar' +0, > Ar+0+0

Ar’ +0; +Ar —>2Ar+0,

Ar’ +0, +0, - Ar+20,

Ar' +0, +N, > Ar+0, + N,
Ar"+0, - Ar+0,

A" +N, > Ar+N,

Ar, +0, - 2Ar+20

Aty +N, —2Ar+ N, (£°55)
A, +O° — 2Ar+

Ar, +0, —>2Ar+£)\;

Ar) +@,/45 2Ar +0,

Ar, +0, —>2Ar+20
O+O0+Ar -Ar+0,
N#+=N+Ar 5 Ar+N,

N{( 4’5 ) #ar > N, + Ar
Ny+Ar - Ar' +N, +N,

5.21-10_35exp(
13810 exp

4.107"7

10—11

—900/T )

gas

500/ T )

gas
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