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Abstract

The stmospheric pressune muolt-plasma jet produces an amray of individual plasma jets which
originate from the branching of a single ioni zation wave (TW). The use of arayvs of such plasma
jets could enable treatment of larger surface areas than is possible with a single plasma jet. In this
paper, we discuss msults from o combined experimental and two-dimensional modeling
invest gation of the behavior of T'Ws in an atmospheric pressure plasma multiget device. In this
multi-jet, arare gas is fowed through o tube having a line of holes, producing gas jets into the
ambient from each of the holes, & primary iomization wave (PIW) propagates through the wbe
which launches a series of secondary ionization waves (STW's) propagating out each hole through
the plumes of the individoal gas jets. The propagation of the STWs is more inlense using a
prositive polarity voltage pulse due to the higher electric field o the ionization front. The diameter
of the holes determines the delay of the SIW after passage of the PIW past the hole, with smaller
holes resulting in larger delavs. The larger delay results from a smaller view angle for
photionization ouside the whbe friom photons originating in the PIW. Higher helivm flow mies
resull in a greater lendency for STW propagation becanse the air concentrations in the individual
gas jets outside the tube are lower and so the electron lemperature is higher. The inlemction
between SIWs is primarily electrostatic, amd is a sensitive function of geometric pammeters
including proximity of ground planes and the spacing between the holes through which these
STWs emerge.

Supplementary material for this articls is available online

Kevwords: stmospheric pressure plasma jet, iomzation waves, multijel, modeling, imaging,
plasma-surface inleractions

1. Infroduction

Atmosphenic pressure plasma jets (APPIS) are low tempemiune
plasma sources which generate fluxes of reactive oxygen and
nitrogen species for teatment of surfaces. These reactive
species are of interest for medical applications such as wound
healing and cancer treatment, and industrial applications such

+ Author o whom any comegrmdence should be skl

as the functionalization of polymers [1-3]. APPIs have addi-
tonal fAexibility compared 1o diglectic barier discharges
(DBDs), another common plasma source for biomedical
applications operating in air, due w the ability w wilor the
reactive species produced in APPIs by controlling the gas
composition [6, 7], However, AFPIs wpically treat only a
srall area at a time {on the onder of mm®) compared to DBDs
that can treat many em” (or larger) surfaces. Rapidly treating
large surfaces with AFPIs can be sccomplished wsing amrays of



APPIs, however this mode of operation can be complicated by
ineractions between individual plasma jets as observed in
experimental studies [4, 8-12]. The plusma in mepetitively
pulsed APPIs is prodoced by the propagation of a puided
iomization wave (TW) which occurs with each vollage pulse
[13, 14]. These I'Ws contain space charge which disturbs the
electrical potential of nearby I'Ws if spaced oo closely.

Since APPIs are accompanied by a gas flow, the gas
compisition outside of the APPI is influenced by nearby
APPIs. Fang er af reported on the effect of gas flow rate on
the modes of a honeyeomb army of 7 APPIs operating in Ar
fowing into air [15]. For low flow rate, anly the center APP]
generated a plasma which exended o the surface being
ireaied. When the fow rate was increased, the IW from each
individual APP] resched the surfuce. Stumcampiano er al
ohserved this same mode transition in a honeycomb cluster of
plasma jets and measumsd an increase in negaive on fuxes
from the conjoined single I'W wing molecular beam mass
spectmmetry [9]. Fhang et al observed a less intense TW
propagating through the center jet of an array of three jets, a
non-uniformity (e, interactions between jets) that was greater
with positive polarity than negative polanty [8]. This non-
uniformity could be mitigated by a 0.1% O, admixture which
provided an increase in wmization doe o Penning processes,

Kim e al observed elecirostatic ntemctions in a linear
array of APPIs, when jets on the end of the array diverged
from other jets while producing mcreased optical emission
[12] Babaeva and Kushner computationally investigated the
effects of electmstatic, hyvdrodynamic, and some photolytic
coupling of arrays of up w0 3 APPls [16] When jets wemn
placed close together, their elecirostatic interaction became
particulard v significant, resulting in the propagation through
the centml jet o dominate.

There has ako bem progmss in genemting amays of
APPIs, including jets operuting in a glow discharge mode [17].
In this case, Cao er al showed that with proper electrial bal-
lastmg of each jet, the amay can trew the surface of three-
dimensional objeas with better uniformity than could be
achieved by scamming a single jet alng the surface. Les ot af
used a 3 x 3 army of microplasma jets to deadivale bactera
and treat wounds, In this particular device, intemction between
the individual jets was mot observed [18]. Although some
armays of APPIs have besn masomably sucoessful al uniformity
[17-19], a mome syslemic understanding  of  inlemctions
between the APPIs would aid in designing such sources.

Other designs have also been investigated 10 increase
the ama of plasma treated surfaces. Navak ef ai studied a
microhollow DBD army in dry air as a means o increase the
aren of plasma treated surfaces [20]. O'Comnor ef al used a
larger tube downstream of several APPJs which enabled the
individual TWs 0 merge to have a lager cross sectional ana
and a momne diffuse plasma [21]. Li er ol investigated a device
in which an I'W expands to fill a larger tbe (15 mm diameter)
which is capped at the end [11]. Individual I'Ws propagated
oul from hales in the bottom of the downstream chamber,

Another potential design for generating an array of I'Ws
i% the multi4et AFPT in which a single primary ionization
wave (PTW) launches several secondary ionization waves

(5IWs). This device, introduced by Robert et af [22], consists
of a dielectic whe with a series of holes along one side. A
PIW is launched from one side of the whe from a pair of
coudal electrodes in a DBD configuration. The primary TW
propagates through the dielectric whe and, when passing over
the holes, launches 5TWs which propagate through the holes.
An pdvantage of this the muli-APPT is its ahility o simul-
tameously treat large areas of surface by increasing the number
of 5IWs (i.e. more holes in a longer whe) all of which are
produced by the same primary TW generated by a single
voltage source [22]. The single muolti-hole capillary device
obviates the need for a bench of individual plasma reactos
and power supplies.

The sensitivity of W dynamics in a multi-jet device o
peometric and  opemtional parometers  was  investigated
thmugh expenments and modeling. We found that the inter-
action between adjacent STWs dunng their propagation is
primarily electrostatic, although perturbations in the electrical
potential as the sadier launched secondary TWs contact the
gmunded target also impact propagation of subsequent sec-
ondary TWs, Propagation of positive polarity I'Ws through
holes on the order of hundreds of pm is highly dependent on
the aspect ratio of the hole due o the view angle for photo-
wmzation through the hole of photons onginating from the
primary I'W in the whe. Lager heliom fow rates produced
plumes emanating from the holes which have lower mole
frwctioms of ar, resulting in a greater lendency for TW pmo-
pagation. Closer gmound  planes producing more inlense
vacuum electric fields ouiside the tube result in the fommation
of a more conductive chammel when the I'Ws contact the tar-
get, which can disturb propagation of later secondary T'Ws, but
reduces the effect of electmstatic intemction between adjacent
secondary TWs,

The experimental setup is described in section 2, and the
two-dimensional  computational  model  is described  in
section 3. The results of both expernmental and modeling are
discussedd in section 4. The hase case of a positive polarity,
multiqet with five 5IWs is discussed in detnil. Then o sim-
plified geometry containing only one SIW is discussed w
facilitate analysis of electnc field and W behavior. The other
pammeters investigated include the voliage polarity, gas flow
rate, hole diameter, the distance betwesn the holes, and the
distance 1o a grounded sorface,

2. Description of the experiment

A schematic of the experimental setup is in fgure 1(a). The
multiget device used in this invest gation is similar w that
reported in [22]. The mult-jet consists of a deleciric whe
with an imner digmeter of 4 mm and an outer dameter of
6mm having two segments which have a wial length of
19 cm. The first segment is a stight guart: whe 12 cm long
and houses the high voltage and grounded electmdes, and
through which gas m ontroduced. This length of twbe s
required to ensure a laminar gas flow is established before the
first hole. The second segment is the multi-jet whe made of

Deelrin® having the same inner-and ouer diameters as the
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Figure 1. The ex perimental multi-jet device. {a) Schematic of the
multi-jet device with the plasma indicated as the pink shading.
{h) The voltage puke used in the experiment.

guartz assembly. The Delin® tube has a row of fAve holes
along one side and 15 capped at the end with 2 mm thick
Deldn®. For the base case the holes ae 800 pm in diameter
with & Smm gap between the holes. A gmunded target is
placed below the row of holes, 1.5 cm away except whens
otherwise indicated. He (99.999% purity) is fowed thmough
the device at 1| slm, exiting oul the five holes and mixing with
the surmunding ambient air.

The electrodes consist of an annular powered metal tobe
inside the gquarte tube, and a ground electmde ring wrapped
around the ouside of the whe. This configuration was
selected due o its ability w0 generate TWs which propagate
over large distances. The annular powersd electrode was 2 cm
long, with an outer diameter of 4 mm, and an inner diameter
of 2.4 mm. The groumd electrode is a 5 mm wide ring elec-
tmde which overlaps the powered electode by 375 mm. The
applied voltuge waveform, shown in figure 1(b), had a max-
imum of 14kV, and a rise time of about 2 s, operated o
1 kHe, A positive polanty pulse was vsed, unless otherwise
indicated, which pmduces an I'W which pmpagates from the
high voltage electmde, alomg the tube, and out each of the
hales.

The experimental diagnostics used 1o assess this system
include intensified charge-coupled device (IOCD) imaging,
probe measurements of electnc feld, and Schliern imaging

of the gas fow feld An IOCD Pimax3 gated camem was
used to image the plasma propagation. An EQS Kapleos
probe levemging the Pockels effect measured the components
of the electrc field in the vicinity of the plasma [23]. This
fiber-like probe containsg an isotropic crvstal which is 5 mm in
digmeter and 1 mm leng, and is probed with a 0.5 mm dia-
meter loser beam. Schliersn imaging (using the setup descri-
bed in [24].) was used to guantify the mixing of helium with
the humid air, These measurements were used w0 ensure that
the flow field computed by the model flow is consistent with
that of the experiment which may be disturbed by gas heating
or the ion wind that can ocour at long tmescales and over
oy pul ses,

3. Description of the model

non-PDPSIM, o two-dimensional  plasma hydrodynamics
model utilizing an unstroctured mesh, was wsed in this
investigation. The eguations and solution methods wsed in
non-PDPSIM are described in detail by Motberg ef al [25]
The structure of the model is shown in figure 2. The model
contuins modules for solving charged species mnspont using
Scharfener—Gummel fluxes, surface charging on dielectric
materals and electic potential by solving Poisson's eguation.
Staionary solutions of Boltemann's eguations provide the
electron enerey distribution (EED) and meaction rate coeffi-
cients at many values of the reduced electric field, EN, where
E is the electric field and N is the number density of neutral
gas paticles, These mie coefficients are then placed imo a
table as a function of mean electron energy or electon
tempemture, T, The electron enegy equation is solved for
the electron temperature, and mie coefficients of electon
impact reactions are interpolated from the whble based on the
local electron tempemture, which is often referred o as the
local mean energy approxamation. Even though T, is used as
the lookup variable in the table of mte coefficients, different
values of EN are wsed 1o genemte the table. This disparity
results from ENV being the independent vanable in solution of
Baoltemann's equation while T, 18 a denved value, A sufficient
number of values of BN are used 1o penerate the table so that
the resulting values of T, and rate coefficients ane reasonably
spaced and smooth.

Compressible Navier—Stokes eguations are solved for a
single advective fluid velocity, with a mass density that is
caleulated based on the average molecular weight of species
at each node Individual species then diffuse within the
advective flow field. The method of accounting for mixing
between the He in the jet and the air in the ambient is dis-
cussed in [25]. Photoionization is caleulated by a Green's
function opemtor for a selected number of UV/VUY
transitions,

Procedumlly, a simulation begins by first computing the
gas dynamic fow feld. This is accomplished by specifving
the male fractions and fow mie at the inlet, and a pressun: on
the outlet boundary, The Mavier—Stokes equations an: then
integmted until achieving a steady state. Since absorption and
photodomization of the UV VUV radiation 15 only weakly
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Figure 2. Schematic of mon-FDPSIM, the two-dimensional hydrodynamics mode]l wsed in dis work.,

dependent on the small mole frctions of excited stes and
molecular products generated by the T'Ws, the Green's func-
tions used for radiation trans port are then pre-computed based
on this initial flow field. The voltage is then applied, and the
full stmulation is started.

3.1. Solving Boltzmamn's equation lor varying condfons
across the mesh

In onder to better rapresent the variation in EEDs that occurin
the mixing sone of helivm and air, the method of defining
momes for solutions o Boltzmann's equation was improved for
this study. Zones are regions of the mesh that share similar
properties such as total gas density and mole fmctions.
Boltzmamn's equation is solved wsing a two-term spherical
harmonic expansion for the average gas composiion in a
given zone. This generdes a lookup table for each zone that
relates many values of the reduced electric feld (E&) w the
electron temperature (T,) and the rate coefficient for each
regction. The electron energy equation is solved at each
numencal mesh point o produce T, Using this value of T,
rate and transport coefficients at that mesh point are then
interpolated from the table for the appropriste sone. These
lookup tables will provide significantly different rate coeffi-
cients in a porion of the mesh that is composed of pume
helivm compared w0 humid air. Presviously the gmouping of
nodes into zones was defined explicitly in the model geo-
metry, IT there were not enough zones 1o caplure gradations in
mole frmetions, discontinu ties might occur in the TW propa-
gation due o discontinuities in me coefficients for inelastic
processes aemss ame boundaries,

To better address the continuous gradation of mole
fraction from, for example, the come of the He plume into
ambient air, the spatially based zones for which Boltemanm s
equation was solved were replaced with zones based on the
mole fmetion of air in He (including impurities). After the
imitial fuid simolation has reached its steady swate, compu-
tational nodes ame binned in zones by the mole frction of a
specified species. With prior knowledge of the dependence of
the EED on the specified mole fmctions, the binning of sones
could be, for example, a linear or log-scale list of mole
fractions. In the case of a molecular gas (air) mixing with an
atomic gas (He), the EED is highly sensitive 1w small mole

fractions of the molecular gas due w the low threshold enengy
of electon impact excitation 0 rotational and vibrational
modes. For this tvpe of mixing, the Boltemann zones ane best
defined based on alog scale in molecular gas mole fmction. In
this investigation, the mole Faction of MN; was used 10 assign
wones for solving Boltemann's equation and making rate-
coefficient lookup tables. This assignment is based on the
assumption that the maole fraction of Nz in the humid air
mixing with the He does not deviate significantly from its
value in the ambient. The computaional domain was divided
into 50 Boltemann sones distributed on a log scale in mole
fruction. The first Boltemann zone ncludes nodes with an N5
male fraction from Ot 107, and the last zone includes nodes
with an N> mole fraction from 0,754 to 0.795, Boltanann's
equation was solved in each zone for the average gas com-
position (including He, Na, Hz0, and Oz). The number of
wones was selected 1o produce a lookup table that has a
srodrth tmnsiton in rate coefficients as a function of Nz mole
fraction,

Using this method means that updates w the Boltzmann
lookup whles during the simulation are typically not reguined.
In the geometncally defined sones previously used, electron-
density weighted mole fractions of gases were used 1o define
the mole Factions in zones and updates were required as the
I'W propagates and the spatial distribution of electron density
changed. This method mguirsd updates w the Boltzmann
tables as frequently as every (L1 ns, which becomes a com-
putational burden and motivates having a small number of
wones. When using mole-fraction based somes and the chan-
ges in gas composiion are nol significant (e, dissociation
und ionization fractions are low), updates o the lookup tahles
are nol required as frequently or ot all. This reduces the
computational cost of the additional sones, thereby enabling a
large number of zones.

32. Geomeky, inkal conditions, and reaction mechanism

The base case peometry used in this stody uses a two-
dimensional Cartesian peometry as shown in figure 3a). (The
depth of the mesh is 1 mm, which is only melevant for spe-
cifving gas fow mies.) The computational mesh, shown in
figures 3(h), (), contuing 13 286 nodes, 9540 of which are in
the plasma region. The powered electrode is inside the
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{a) Schematic of te Canesian geometry. Note the axes ane hroken to
show the distant ground planes, The contowr plot shows e density of
helium Aowing owt of the holes and mines with the humid air. (b) The
computational mesh for the entne domain. {c) The refinement regions of
the meesh fior the regions whene the plasma propagates, and mone refined
regions as the pfasma propagaies inside of the holes and interacts with
electrodes. The ventical lines helow the tube on either side of the hades
separate the region in which the full plasma simulation was performed
and the material having = /s = | whene only Poisson's equation is
sl ved,

dielectric whe with the gmounded elecirode on the ouside.
The relative dielectric constant of the tube is =/ = 4
appropriate for both guartz and Delrin®, Electrical gmund

planes wene placed 15 cm above the tube assembly and 10 cm
to the right of the end of the whe. Following parametric
studies, these distances were chosen 10 be far enough from the
jet so that moving the ground plane funher away did not
significantly affect the W dywnamics. Moving the ground
plane  boundaries closer w the jet would affect the TW
dwnamics. Although an extensive pammelerizaion was nol
pefomed, moving gronmd planes close o the twhe penerally
increases the intensity and speed of the TW.

He with impurities (Hx0 /N, /0; = 10029 /4.7/2.4 ppm)
wis flowed at 1 slm through the wbe. Since the expenmental
setup was nol operated in a vaconm svstem or heated 1w
eliminate water vapor impurties, it wis assumed that the He
contained water impurities of 0.1% in addition 0 impurities
that are expected from the gas botle based on gas supplier
specifications. A pressure boundary condi tion 15 applied 1o the
gmounded puomp faces, thereby enabliing the gas o exit the
computational domain. This is necessary 1o exhaost the gas in
the 200 simulation, whereas in the expenment the gas exhansts
perpendicular 1w the jets in all directions, Outside the tube,
regions above the whe and beyond the holes in the whe were
mideled as a dielecric with =/=, = 1 0 represent air, with
fore-lmowledze that plisma does not oceur in these volumes,

In the computational peometry, the distance from the
powered electmde o the first hole is 3625 cm, which is less
than in the experiment. Experiments wene performed varving
the distance between the elecirodes and the first hole, No
critical differences were observed in the TW propagation, and
so this length was reduced in the model w0 reduce the com-
putational burden.

The actual three-dimensional device has circular holes
which prmoduce gas jets that enmrain air from all sides that
comes [rom o nearly inexhanstible soume—ithe surmunding
ambient. In our two-dimensional simuolation the s jets and
I'Ws are slots (a8 opposed 1o circular jets) which can only
entmin air between the jets which is not replenished from the
ambient. To enable replenishment of the ambient air in the
computationdl geometry, nozzles were included on the sur-
face of the tube between the holes w0 account for air
entrminment which occurs in thres-dimensional space. The
flow rate of humid air from these nozzles (N, /05/H0 =
T9.5/20/0.5) was adjusted 1o 3 slm o achieve qualitative
agreement with Schlieren imaging of the He jets leaving the
hales, shown in figure 4(a) Since disturbances in the fow
have been observed afiter igniting the plasma, the Schlieren
imaging was perfonned while the plasma discharge was on,
The simulated Schlieren imaging, calculated by taking the
spatial dervative of the mass density of the gas, is shown in
figure 4h) for comparison. The agreement is generally pood,
with differences attributable (o the two-dimensional caleul-
ation representing a three-dimensional Qow feld. The Bolte-
mann zones genemtald based on this steady state fow profile
are shown in figure 4ic).

A 2B KV pulse with a 5 ns rise ime was applied o the
prowered electrode, This voltage amplitude is double that used
in the experiments, based on the differsnces in I'W propaga-
tion in an infinite chamel (modeled in two-dimensions here)
compared w cylindrically symmetric whes (which occurs in
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{a) Experimentally measured Schlieren imaging of the mixing of He
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the experiments) [26]. This discrepancy onginates from the
increased electric feld enhancement that occurs in three-
dimensions. The rise tme is shorter in the model 10 account
for the fact that the I'W in the experiment reaches the first hole
at a later tme because it has a greater disance o tmvel
compared 10 the model. By this time, the vollage is already
near its maximom value, The discharge is initialized with two
small electmon clowds near the top and bottom edges of the
powered electrode each having a diameter of 80 pm and a

peak density of 10" ¢m*, This choice of initial conditions is
based on past experiences in modeling similar devices. In
general, the time 1o lumch the TW scales with the magmitude
of the plesma density in the initial spot, but otherwise the TW
dwnamics are not significantly  affected. The TW wave
dvnamics are different if the entire volume is inidalized with a
uniform plasma density, In particular, the I'W dynamics in the
hales will be di fferent. For example, since the gas flow speed
through the holes is high, it is not expected that there would
be my plasma density remaining in the holes by the time of
the next pulse in a repetitive device,

The reaction mechanism vsed in this stody 15 a redoced
version of that discussed by Norherg e al, o limit the scale of
the smulation [27]. The mechanism has 36 species, including
12 charged species. The towl number of reactions, including 4
phowioniztion reactions, is 483, The ekctronically excited
states of He, Hei2'S), He2'S), He(2'P), and He(2'P) are
treed explicitly, and mom enegetic excited states are lumped
s He(3F) nd He35). All of the He excimers are lumped into
a single state, Hep". Two electronically excited states of Ny
are included: N.7 includes No{ATT), N(B7TL, NAW-A),
N(BZT), Nafa "D, Nafa ), and Natw! A, and N; ™ includes
MACTT) and NAE*E). The other eledronically excited stakes
include 057 [0x0"A)] and O7 [O('D)]. The dissocimion pm-
ducts of Nz, O and HO are included, but the spedes that
typically form many microseconds afier the discharge pulse, or
only after many pulses are not included in the mechanism. For
exumple, N0, NOs, and HNO, are not in the reaction
mechanism since their densities ane negh gibly small during the
time of the simulation and chemistry in the afierglow is not a
focus of this stndv. The complete maction mechanism is in
tuble 51 of the supplementary information, which is available
online at swcksioporg /PSST 28/ 125009 /mmedia,

Photoionization in the reaction mechanism  includes
iomzation of Mz, Os and H0 by emission from He,™. The
iomization coss sections are, respectively, 2.5 = 1077,
1.5 107", and 2.0 x 10" e, In onder for propagation
of the SIW outside of the tube to oceur, it was also necessary
to include ionization processes in the ambient air, which
consisted of N,™ emission ionizing O with a cross section of
5% 10 ¥em® Air diffusing into the He plume is also
excited by the SIW passing through the plume, which pmo-
duces critical seed fonization that helps o sustin the STW.
The photoelectron emission coefficient of the whbe was 1% for
all photon species, The mudmum photon path ws 3 cme That
is, mdiation tmnsport was followed for o maximum of 3 om
from the site of photon emission,

4. IWs in multijets

4.1. Base case

The initalization of the W propagation in the base case is
shown by the electmm impact ionzation source lerm (5,) in
figure S(a) and the electron density (n,) in figure 5(b). This
I'W propagating from left w right through the wbe will be
referred 1o as the PIW. The electron impact ionization sounce
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Figure 5. The inidal breakdown at the powered eloctmde and
development of an ionization wave inside the twbe, (2) Electron
impact ionzation source term (5,) ploted on a four-decade log scale,
with the maximum value in each frame indicated on the figure.

{ ) Electron density {r,) plotied on a three-decade log scale, with the

maximum value indicated oneach frame. Note the asymmetry due to
the closer procimity of the lower ground plane.

term (8,) indicates the I'W. The discharge beging near the
powered electmode, as the initial seed electons accelerate
toward the positive polarity electmde. An intense surface TW
(S5, ~ 0 em 35N develops along the imer surface of the
tube adjacent o the ground electrode, producing an electron
density as high as 16 = 10 em ¥ in this region. Here the
tube serves as a capacitor which rapidly charges dus 1o the
high comductivity of the adjacent plasma. Upon charging this
suface, the TW beginsg o propagate along the walls of the
tube, tmnsitioning from o surface T'W 10 a volume filling T'W at
the center of the whe, When the T'W propagates beyond the
edge of the gmounded electrode, the effective capacitance of
the wall decreases, leading 10 more mpid charging of the wall.
The fully charged wall capadtance is less able o support o
suface W, With the small mole fmction of impunties, the
primary iomzation mechanism in the W s electnon impact
immization of He, contributing mere than 97% of the penera-
tion of electrons, Afler the initial TW passes, the electric field

behind the PTW decreases and 8, becomes negalive, meaning
attachment and electron—ion eoombination excesd electmon
impact ionization. The electon density continues 1o increase
during this tme, however, as the peneration of electrons
(~10%em *s ") by Penming ionization (He™ + H,0 —
He + Hz0" + &) is greater than the losses of electrons, The
electron density in the bulk of the PIW is much less than that
in the vicinity of the powered electmode, maching approxi-
malely 5 = 102 em 3

The dominant ion in the whe s He' for about 10 ns after
the PIW passes, afier which HoO" becomes the dominant ion
due o charge exchange with He' and Penning ionization by
excited states. Approdmately 30 ns after the PIW has passed,
the most abundant ion in the wbe mnsitions w0 HO0" dee w0
the maction HoO' 4+ Ho0 — H:0' + OH.

The PIW continues 1o propagate into the region of the
tube contminng the holes, as shown in the experimental
imaging in figure 6 and the modding results in Agumes 7 and
8. (Animations of the KCCD imaging from the expenment,
and animations of the electron impact ionization rale, electmon
density, and potential in the model ame available in the sup-
plementary information.) In the ICCD imaging, when the
PIW meaches the first hole, a SIW propagates through the hole
and downwand towands the grounded target. After the STW
contacts the grounded surface, light emission from just above
and below the hole in the conductive channel significantly
increases, Based on the msolts in figure 6 ot 370ns and
410 ns, there appears o be a short delay between the time the
FIW meaches a hole, md the STW appears below the hole. The
SIW speed through the hole is slower than that of the main
FIW due 1o increased charged particle losses owing 1o the
larger surface-to-volume ratio of the holes compared 10 the
tube and the beginming of encmachment of the ambient air.
The 5TWs continue 1o propagate out each subsequent hole and
contact the grounded surface, but the intensity of the light
emission decreases with each subsequent SIW.

In the modeling results (fgure 71, the PIW maches the
end of the wbe after 260 ns, and continues w produce electmon
impact ionization bl the suface of the end cap is elec-
trically charged. As the PIW propagates past each hole, SI'Ws
propagate through the holes and downwand towards the
pmunded pumnp surface. These STWs experience o brief delay
of approximately 10 ns from the tme that the PIW reaches the
top of a hole, 1w the tme that the SIW emerges from the
bottom of the hole. Dunng this delay, &, inside the hole
reaches 1 % 10°%m 75", but is non-uniform, S, in the fst
SIW as it propagates towards the target is initially large in
the region of high helivm concentmtion (9 x 0%em 3N,
but decreasing by more than an order of magnitude (2 =
107%em 35 1) as the STW propagates inlo regions having a
higher air concentration. As electron energy is more mpidly
lost in collisions with N: and O due o mdational and
vibrational excitation, and low [ving electronic states, there is
less iomization at a gven EN, As the STW forms o conductive
chamnel, the EAN decreases behind the iomzation front which,
for comstant wolal voltage, increases the electric field in front
of the SIW which helps to sustain the STW. When the 5TW is
within 5 mm of the grounded surface, this increase in electric
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Figure 6. [CCD imaging of IW propagation in the base case. The
camera gate was 10 ns, and the images are accumulated over 100
pulses. The times indicated in the figure are measured from the
moment the PIW is visible in the camera frame, whichis 2.3 us afer
the start of the voltage pulse.

field results in a progressive increase in S, as the SIW
approaches the ground (figure 7, 260 ns). As the SIW begins
to contact the surface the enhancement in electric field is at
a maximum, and there is brief increase in S, to I x
10* em 7?5~ ! which is aided by secondary electron emission
from the surface. Once the conductive channel bridges the
entire gap, E/N decreases at the surface while increasing
throughout the remainder of the chamnel. There is then a
second instance of electron-impact ionization, shown in
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Figure 7. fonization wave propagation out of the holes in the hase
case. The electron impact ionization source tem (§,) is plotted on a
four-decade log scale. Electric potential contours are labeled with
potental in kV. The propagation of secondary ionizaton waves
disturbs the potential profike of neighboring holes.

figure 7, for the first hole at 285ns and the third hole at
500 ns. This behavior will be referred to as a potential
rebound, because the lines of electric potential are redis-
tributed in the conductive channel after the SIW contacts the
ground, as shown in figure 7 (285 and 500ns). The mech-
anism is amalogous 1o that of a restike, but because of the
non-unifonm gas composition and complex geometry, it is not
significant enough 1o produce net ionization at every point in
the conductive channel. In much of the conductive channel S,
is negative afler passage of the SIW and becomes less
negative during the potential rebound. However in certain
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Figure 8. Electron density (#,) a5 a function of time for the base case.
The electron density in the tuwhe remains elevaied after the primary
ionization wave (FIW) passes. Secondary ionization waves (STWs)
propagate thoough each of the holes, but only reach the surface
through the first and third holes. Owtside of the tube, themal & sctron
attachment to Oq results in the eleciron density dropping maone
rapidly afier the STW passes. The hottom frame shows the mee imam
eloctron density that ocours during the simulation at each
computatonal node. This mode of display [mecx,)] reconds time
history of propagation of the STWs,

regions of the chammel, ionization rates excesd attachment and
recombination rates, and ther: is a net production of electrons.

As the first SIW propagates and produces a conductive
chammel, the EAN 15 rsduced in the channel which reduces the
voltage drop between the hole and the head of the SIW. This
shorting of the potential in the path of the adjacent STW limits
the feld enhancement that can occur ahead of the second
SIW. This is essentially an electrostatic inleraction between
the 5TWs. This electmstatic interaction affects all subsequent
SI'Ws, msulting in mone intense propagation for the first, thind,
and fifth 5IWs compared 1o the second and fourth STWs, This
SIW4o-5IW interaction is over-emphasized in the simula-
tons compansd o the experiments. In the 2D simuolation, the
plasma columns are computationally sheets of conductivity
which affect the electric potential 10 greater distances than the
cyvlinders of conductivity that occur in the experiment.

The electrom density in the muolti-jet is shown in figure 8.
Inside the tube, the electron density remains elevatsd with
values of 4 % 10" cm ™ after the PTW has passed. While 5,
has become negative, the electron density continues 1o
increase due to Penning ionization. Ouiside of the wbe, after
the STW passes and the electron emperature decreases, mpid
attachment of the electmons o0 0 and H2O from the sur-
ru.lndirﬁ wir results in the electron density decreasing from
1% 107 10 4 x 10" em * over 120ns, In the megions of
highest helivm concentration, just oulside the holes, the mole
fruction of air is small, attachment does not occur as mpidly
and the electon density mmains elevated, remuining above
4 % 10" em ® for 120 ns, Ouiside the whe, OF is the most
abundant positive ion. Initially O balances the charge of the
electroms. Afler the SIW passes, OH ™ begins o accumul ate as
the system transitions w0 an ion-ion plasma.

The dynamics of the multi-jet are complex in bath space
and time, which in wm requie tdme and space msolved
imaging, experimentally and compotationally, o properly
investigate. These approachs: produce large amounts of data
which cannot be exhaustively displaved in this paper. (See,
for example, the experimental and computational animations
in the supplementary information.) & mone compact method
of presenting computed dynamics of the SI'Ws was necessary
for discussion and companson o experiments. This more
compact form is o recond the maximum value of the electmn
density that occurs ot each position as tme procesds. This
value, designated “maxin,)’, 14 also shown in figure 8 along
with the real time dependent densities. The maxin,) is a useful
metne for companisons with ime-integrated KOCD imaging.

The propagation of the PIW is sustined by photoioniza-
ton which produces an electnom density of 5 = 10%em 3
approximakely 5 mm in front of the PIW. Thee electrons are
accelarated in the electrne fidd back towards the PFIW, which
facilitmes the propagation, The sources of electons due 10
photoionimbtion, S, al t = 155 ns are shown in figure 9 for
each of the photoionizaton reactions included in the model.
The main impurity in the He is H2O, and so the primary source
of photoionization generated electrons ahead of the STW in the
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Figure 8. Phoinionization rate and space charge as the ionzation
waves propagate through the holes, (a)l—{d) The phoionization
sounee term { Speae) at 155 ns at the firg hole, plotted on a two-
decade log scale with the maximum value indicated on each frame.
Walues of 5, are shown resulting from cach emitier-ahsorber pair
includad in the model: (a) photoionization of O, by photons emitted
by Hey", (h) photoionization of N, by photons emited by He,™,
() photoionization of Ha0 by photons emitted by Hep”, (d)
photoionizaion of Oy by phoions emitted by N5™. (e) The total
space charge density at 430 ns. The posidve and negative space
charge are each plotied on three-decade log scales.

tube is photoionization of HO0 by excimer mdiation from
He,", shown in figure 9c). Outside of the whe where the
helium mixes with humid wir, other photoionization resctions
are also significant. The dominmt photoionizaion reaction

outside the tube is due to photons emitted by N2™ ionizing O..
This photoionization reaction is essential for propagation of the
SIW, which oceurs in megions of higher air concentration where
Hez" is not generated or is mpidly quenched by resctions with
Nz and . In these regions, a lower T, results in less He®
production, the precursor o He:", and the He density 15 lower,
which reduces the rate of the 3 body process that forms Hes".
Both of these conditions resull in a lower density of He,”,

AL = 155 ns, when the photoioni mtion rates are shown
in figure 9, the STW at the first hole has already developed and
propagated 2.5mm outside of the tube. At this time, the rate of
photoioniztion by N2 owside the wbe 2 « 10™em s ")
is much greater than that of the Hey"™ (3 = 107 em ¥s 1),
However, the role of photoionization outside the tube by
excimer radintion from He;” is essental before 140 ns when
the 5IW is first emerging from the hole, Since the excimer
emission 15 nol radison tmppead, the photons are lost only
thmugh absomption by impurities, The long ahsoption mean
free path for excimer amission from He;™ (2em in He with
(.15 Hz0) enables photons emitied by He,™ inside the tube o
propagate through the hole and iluminate the wir moleculs
diffusing into the He plume (somehing of an excimer lush-
light). The excimer mdiation is then abruptly absorbed by the
infusing air, producing iomization outside of the whe, These
seed electrons produced by photoioniamtion (5 = 107 em )
facilitate SI'W propagation through the hole.

Photoelectron emission from the surfaces of the whe also
provides a source of electrons ahead of the PIW amd in the
holes for the SIW. For an estimated photoamission probability
of 001, the VUV photons suiking surfaces produce an electon
source s high as 3 » 10%em “s ' at nodes adjacent 1o the
surface, which is compamble to the contnbution by direct
photoioniamtion. However, becanse the source of eledmons by
photoemission is lmitad 0 one mean free path for electmn
collisions from the surface, the total volume of the plasma
benefiting from photoelectron emission is small. (In the model,
the electmns produced by photoemission are placed in the
numencal node next o the surface.) The integrated contribu-
tioms from photodomizaton in the bulk gas phase ame more
significint for both PIW and SI'W propagation.

The suface amd volumetric space charge is shown in
figure Me) at ¢ = 430ns. As the PIW propagates, the immer
surface of the dielecine whe chages positively (1 =
10" em ¥ because of the positive polurity of the applied
voltage, Inside the holes, the surface charge 15 also positive,
with a luger magnitude of approxmately 1 % 107%em . As
the STW propagutes out of the hole, the front of the 5I'W
contuins space charge as large as 7 % 10" cm >, This region
of positive space chirge mesults in a reduction of the electric
field in the bulk plisma, and an enhancement of the electric
field in the front megion of the space charge. This localized
field enhancement facilitates the local ionization which occurs
in SI'W propagation.

Although there is generally good gualitative agreement
between the model and experiment, there ame several quani-
tative differences between the propagation of the I'Ws in the
experiment compared to the model. The speed of the PIW

propagation  in the  experiment 15 approximately
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Figure 10. A summary of IW propagation in a multi-jef assemibly
with a single hole and single secondary ionization wave., {a) The
electron impact ionization spurce term (£, is shown for four sequent
moments in time ona four-decade log scale, The time comesponding
to gach position of the TW is indicated on the frame, The positions at
which électric field measurements were made with the dectrooptc
probe shown in figure |1 are in the wpper frame, The probe positions
for the measurements plotted in figure 12 are indicated in the lower
frame. {b) The electron density at 273 ns, 172 ns after the secondary
jonization wave has contacted the grounded pump surface.

0.9 « 107 ems " compared w0 2 % 107 ems " in the model,
a discrepancy of a factor of 2. This discrepancy 15 a result of
the increased voltage used in the model wsed 10 approdmate
the propagation of a three-di mensional TW (which natumlly

has more electric fisld enhancement in the head of the TW) in
two-dimensions. Other sources of discrepancy include d&if-
ferences in the level of impurities in the heliom (the exper-
imental  value i not owell known) and  ignonng
phowionization by resonant He photons which can be sig-
nificant. As discussed eadier, the elecrical intemction
hetwesn SIWs 15 overestimated in the model due 1o the lim-
itations of the two-dimensional framewiork. In the model, the
SIWs are approximated as sheets of plasma, which produces a
greater disturbance in the polential for neighbonng STWs. In
the experiment. each STW is a column of plasma, which limits
its effect on the potentil of adjacent STWs,

4.2, Single hole assambly

Although having an amay of SI'Ws is the goal of the multi-jet,
having multiple SIWs exiting the holes and contacting the
pmunded target ot different imes complicates the dynamics
of the electric field and complicates interprstation of both
experimental and computed results. In this section, the plasma
properties of a muli-jet assembly having a single hole are
discussed 1o better 1sol ate the transition from PIW 1o SIW. An
800 pom hole was used and the helum fow mte was reduced
1y (02 slm, so that the amount of gas Qowing through the hole
was Lhe same as in Lhe base case. The air flow mieis the same
a5 that of the base case, 3 slme In this section, tme-resolved
measuraments of electric feld for a jet having a single hole
are first compared 1o the modeling results al seveml axial
locations amound the device for the wbe being 1.5 cm above
the grounded pump. Then the effect of changing the distance
hetwesn the whe and the ground plane will be discossed.
The MW behavior predicted by the model is shown by 8,
and n, in figure 100 The gualitative behavior of the PFIW and
SIW ame the same as the propagation of the first STW in the
hase case multi-ja having 5 holes. When the SIW maches the
groumded target, EAV in the tube to the lefl of the hole increases
from 7 % 10 " Vem®to 4 x 10"V em® (0.7—4 Td). There
15 a second pulse of ionization up o 2 = 107 em®s ! in
some regions of the cmnductive chamel (compared 1o
1o 107 en’ s ' the STW) which travels faster than the STW
(% % 0¥ ems! compared o 1 = 107 cm s ). This protential
rebound propagating in the reverse direction is analogous 1o
that which occurs in a restnke [28]. After the SIW raches the
targel, there is spreading of plasma along the suface of the
targel. Since the target is metal, this spreading of the plasma is
not a classical suface T'W which requires differential chargng
of the surface and bending of electnc held lines. (Eledric field
lines ane parpendicular to a metal surface. ) The appearance of a
surfuce I'W results from bending of electric field lines in the
bulk plasma by the adjpcent conductive column of the STW.
Experimental measurements by the electnc field probe in
this comfiguration were made al locations labeled in figure 10,
For comparison 1o the experimental messurements, the elec-
tric fiedd calculated in the model was averaged over the
volume of the probe 1o emulate the signal produced by the
probe. Perturbations to the electic field that might occur by
the presence of the probe were nol accounted for in the model.
The r<omponents of electric fidd (parallel w the whe), E,,
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Figure 11. The harizontal component of the electric field (E;) for 4
vertical positions | mm to the left of the hole, as indicated on
figure 10, The position above the grounded target surface is
indicated for each line. WValues of £, are shown (8) calculated in the
menidel and (b) measured in the experiment The modeling reaubs are
averaged over the volume of the probe. In the experiment the
distanoe from the electrode o the first hole is larger and s0 the
experimental timing has boen shifed o align with the modeling
resulis,

measured in the experiment and predicted by the model at
seveml vertical positions are shown in figure 11 as a function
of ime. The y-components of the electric field (perpendicular
14y the tube), E; are shown in figure 12,

The vamum values of E, would be positive for all of the
probe positions. As the PIW passes above the probe in the
tube £, increases (positive) due 1o the shorting of the positi ve
potential in the plasma column, which extends the anode
potentinl closer o the probe, and due 1o the positive space
charge mm the head of the PIW. This elecine field has the
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Figure 12. The vertical components of the electric field (K for 4
vertical posiions | mm o the left of the hole, a2 indicated on
figure 10, The posiion above the grmounded trget is indicated for
cach line. Values of E are shown (8) caloulated inthe model and (b)
measuned in te experiment The modeling results are averaged ower
the volume of the probe. In the experiment e distance from the
electmde i the first hole is larger and o the experimental timing has
heen shifted o align with the modeling results

largest magnitude at the probe position closest o the tube,
25KV em . When the SIW propagates through the hole and
oulside the whe, positive potential and positive space charge
are produced o the right of the probe, which reduces E, and
eventually reversing the direction of E, 1o point o the left
(megative). As the S5IW passes 1o the right of the pmbe
locations, the value of E, is maximum, —15kV em " at the
top probe paint.

The positive space charge contained in the head of the
SIW appears to be a point-like positive potential translating
from top W0 boltom. As this point-like positive polential
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Figure 13. The electric ficld measurements at 3.5 mm to te left of
the hole and 7.5 mm below the tuhe for different gap distances
batween the tube and the ground. (a) E, in the model (gap distances
of 10, 12, 14, 16, 1§ 20, 22, and 24 mm) and (b) E, in the
experiment (gap distances of 10, 13, 16, 19, and 22 mm).

passes by the pobe, an electric field component pointing to
the left (negative) is prodoced. The most negati ve value of E,
tends to increase ot probe posiions closer o the grounded
tarpel maching —3kVem ! when the probe is at 6.5 mm. The
negative increase in £, is doe to pogrssively more posit ve
potential (and positive space charge) being produced o the
right of the probes as the conductive column extends further
from the tube. There 15 a delay in the negative maximom due
to the finite propagation time of the SIW. For example,
between probe positions 12.5 mm and 6.5 mm there is a delay
of 3lns comesponding o a propagation speed of 2 x
107¢ms . The most negutive value of E, occurss al
approximately the sume time for the 35 and 6.5 mm probe
positioms. The time response and subsequent averaging of the

probe response mesults in the 3.5 mm signal appearing earlier
in time, The near coincidence of the tmes at 3.5 and 6.5 mm
15 also shown by the model. After the STW contacts the target,
them 15 a rapid decresse in the magnitde of E, as the
potential of the conductive channel drops. As the potential of
the plasma increases afler the STW comtacts the ground, much
of the potential dmp becomes confined o the cathode fall
laver at the grounded surface, and the magnitude of E,
INCIEases again.

Results from the model reproduce all of these systematic
trends, with the exception of the magnitude of the electric
fizld. The magnitude of the electric field in the model is loger
than that measured in the expenment. First, the wollage
applied in the model is larger than in the expeariment 1o
compensate for the slot (model}-versus<cvlinder (expenment)
nature of the SIWs. However, much of the ovemstmale
resulls from the two-dimensional nature of the model com-
panzd to the three-dimensional expenment. In the expenment,
the region of largest space charge ot the STW front is, o fisst
omder, a small sphere of chage. In the model, the region of
lurpest space charge at the head of the 5TW is, 10 fist onder, o
cvlinder of charge of infinite length. These two space charge
configurations produce guite & ferent behavior in the electric
field as the probe is moved away from the SIW. For a sphere
of charge, the electric field is proportional w0 1/7 ir is dis-
tunce from the charge) whereas for a cylinder of charge, the
electric feld s proportonal o 1/r Swd otherwise, there is
mire geometric electric field enhancement around a sphere
compared o the cvlinder but only within a radii o two of the
space charge. For pobe positions that are outside the field
enhancement for the passing space charge (bevond a few radii
of the space charge), electric fislds will be smaller for the
spheme (experiment) compared 10 the cvlinder (model). The
probe is measuring the electnic field as much as 3.5 mm from
the SI'W which is much larger that the dismeter of the space
charge mpgion (~6350 pm). These geometric effects can
explain the higher predicted electric felds in the model while
being able o repmoduce the systematic trends. Since the
voltage pulse in the expenment has a longer rise time than in
the model, the applied voltage may not be at its maximum
value as the STWs exit the tbe which could also contnbute o
the overestimation of the electric field in the model.

E, in the model and the experiment is shown in figure 12.
As the PIW passes above the probe, E, < 0 with a magnitude
which is increasing, as is the case with the vacuom eleciric
fizld. With the positive potential produced by the PIW ahove
the probe, thers is an incmeasing downward pointing comp-
onent of the electric field In the modeling results, E is
approximately the same for all pmbe positions, before the
SIW exits the tube. In the experimental measumements, the
magnitude of E, is significantly higher when the pmbe is
closer o the wbe, This discrepancy 15 agun a mesolt of the
three-dimensional nature of this device. In the experiment, the
anode potential that i extended by the FIW through the mbe
is, to first order, a cylinder of charge, which would have a
potential which decreases as 1/r. In the model, the anode
potential extendsd by the PIW is a shest of charge, which
would produce a uniform axial electric field As the SIW



approaches each probe position, the electric fisld enhance-
ment in front of the SIW results in an increasingly negative £,
if the head of the SIW is above the probe. As the STW pu_l;!;e:l:
the pmbe position, the contribution o E, from the positive
space charge in the heal of the SIW ﬂip-!; 1o being positive,
resulling in a decmase in the magnilde of E,. The con-
sequences of the space charge produced are more pronounced
in model due 1o the previously  discussed discrepancies
between 2D and 3D,

The gap between the twbe and the grounded target was
varied in both the experiment and the model using the single
hole configuration. The center of the probe was placed
7.5mm below the twhe, indicated in figure Wa). The time
evolution of the rcomponents of the elecnc field for dif-
ferent gap sizes of 10-24mm is shown in fgure 13, E,
generally mcreases as the gap increases because when the gap
15 small, the electric field is mome strictly vertical. As the gap
increases, the speed of the PIW and SIW decrease due 10 an
overall lower electric field The maximum electric field
therefore occurs later in time for o lager gap, md has a
smaller maximum magnitude. As the SIW exits the whe and
passes the probe, the minimum (most negative) value of E, is
relutively consistent because the potentiol of the SIW is not
sensitive 10 the pup size. In the model, for gaps larger than
I8mm, the SI'W does not meach the target. In both the
experiment and the model, the electrnic field remans at s
minimum (most negative) value for a longer time when the
gap s larger. Ther are two components of this delay. For a
larger gap, the STW takes longer to travel the greater distance
between the probe amd the target. Then the disurbance in the
potential that occurs after the contact is delaved in propa-
gating from the target back up W the pmbe location. This
potential rebound, propagating in the meverse direction is
anulogous o that which occurs in o restrike [25].

4.3. Voltage polarity

The voliage polarity is the pammeter that most significant]y
affects the character of the SIW propagation in the multi-jet.
Time-resolved KOCD images, averaged over 100 pulses, for
positive and negative polanty pulses are shown in figure 14,
For negative applied voltage, the 5I'Ws do not reach the
gronmded target. The SIWs extinguish where the humid air
diffusing into the He chamel becomes significant (o mole
fraction of about 20%), as the S5TWs cannot be sustwned at
high molecular gas concentration. The SIWs for negative
polarity stop emitting light befon: the PIW reaches the end of
the tbe. Under the same conditions, but for positi ve polarity,
the SIWs do reach the grounded wrget and remain illuminated
a4 the PIW meaches the end of the twbe, The speed of the PTW
is also approximately a factor of 2 slower for negative
polarity, 9 = 10%cms 1-':rlm1]:|t|.1'f.~:u|.1 w2 % 100ems ",

This sensitivity to polanty also occurs in the modeling
results shown in figumre 15 The PIW for positive polanity
(base case) was concentrated at the center of the tube, as
electrons that are genemted from photoemission or photo-
ionization ame accelerated toward the TW. With negative
polarity, electrons generated by electron impact ionization in

Figure 14. ICCD imaging ionization wave propagation in a mult-jet
with {left) +14kV positive polanty and {right) — 14 k¥ negative
polarity. The imaging gate was 10 ns and te images are averaged
ower 100 pukes,

the bulk plasma are directed ahead of the I'W by the applied
electric field. As a mesult, the electron impact ionization rate,
8, was maximum at the lower surface of the tube the opposile
direction of the applied vacuum electric field. This asymmetry
inside the tube occurs before the PIW reaches the holes, and is
a result of a lower electrical ground being closer o the tbe
(1.5 cm) than the upper electrical ground (15 cm). This closer
proximity produces a larger acceleration for electrons in the
vacuum electric field downwands than upwands, This asvm-
melry 15 also consistent with the BCCD imaging, whens the
light emission on the lower surface of the wbe is greater for
negative polanty.

With positive polanty, STWs reach the surface amd whereas
with negative polarity STWs extinguish upon contacti ng regions
exceedmng 206 mole frction of air. This difference is a result
of the amount of feld enhimeement which occurs shead of the
IW for ewh polarity. With a poative polarity, electnoms
seceerating toward the TW pmduces a sharper gmdient in
potential. The space charge in the head of the T'W 15 compamable
for the positive polarity (34 = 1" |g] em ) and negative
polarity (—4.0 = " |g] cm 1. However becanse the shape
of the PIW is different for the positive polanity, being confined
o a smaller dismeter, £V in the PIW is 125 Td for positive
polarity and 34 Td for negative polanity. The lower EN with
the negutive polarity is not sufficient 1o producs avalmehe with
sigrificant fFractions of wr m He.

The speed of the PIW is oversstimated in the model
compared 0 the expedments. For both polarities, the same
voltage was appliad in the model, which was higher than in
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Figure 15. The effect of polarity on ionizaton wave propagaton,
shown by the electron impact ionization sounce term, 5, compuicd
with the maodel. 5, is plotted at several moments in time, with the
time in ns indicated near each sournce term. {a) 5, fora +28 KV
applied woltage, plotied on a four-decade log scale. (b) 5. for a
—2IE kV applied voltage, plotted on a three-decade log scale.

the experiment 0 approximate thres-dimensional  effects,
However, in the experiment this thres-dimensional electric
field enhancement is expected 10 be preater for positive
polarity, because of the smaller diameter of the avalinche
front of the PI'W . In the modeling results, the PIW is fuster for
negative polarity which is different from the expenmental
trend. This disparity results from the positive polanity FIW in
Lhe model  having  less  elecric  fisld
enhuncement than produced in the three-dimensional exper-
imental PIW. The pasitive PIW is more sensitive 10 electric
field in the ionization front

In seveml experiments, disturbances of the bulk gas flow
in AFPIs by the plasma have been observed These dis-
turbances have been well documented in single APPIs bat
also oceur in multigets, and wpically depend on the polarity
of the applied voltage [22, 29]. In the modeling results, the
initial flow conditions wene the same for both polarites, and
qualitatively match the experiment. Themfore the observed
differences in the SI'W behavior ame not simply a esolt of the
change in gas composition, but a more fundemental feature of

the TWs.

two-dimensional

Grounded
Target

Figure 16. ICCD imaging of @l emission as a function of helium
Aow rate. The gate was 10ns and the images are averaged over 100
palses.,

4.4. Gas flow male

Varying the He flow mte changes the mole fraction of wr in
the path of the STW. Higher flow mites extend the length of the
gas plume that is dominated by He, With lower flow mies the
in-diffusion of awir results in larger mole fmctions of wir nearer
the hole, To investigate these effects, the He flow rate was
vared from 0.5 o 2 sIm for positive polanity discharges while
keeping the wir fow comstant a 3 slm. As the fow rate is
increased, the experimental KOCD imaging in figure 16 indi-
cates more intense STWs, bul preaster decrease in the STW
intensity with each subseguent hole. For 2 slm, the light
emitted from the fifth SIW is small compared 10 that from the
first SIW. With increasing flow rate, the brightest region of
the SI'Ws, which occurs at the outlet of the hole, is elongated
s the mgion of high helivm mole fraction 15 extended
These featumes can be expluned based on results from the
model shown in fgures 17 and 18, The maximum electon
density at each computational nodes 15 shown in figure 17 for
He flow rates of 0.5, 1.0and 2.0 slm. The N, density, electnon
temperature and iomization source in the vicinity of the first
holes are show in figure 18 for the sume He flow rates, The
pas is essentiolly stationary on the timescales of the TW
propagation (500 ns), and the pressure variation among flow
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Figure 17. The maximum electron density [max(n,)] at each
numerical mesh point computed with the model as a function of He
flow rates, 0.5-2.0 sIm. Densities are plotted on a three-decade log
scale.

rates is negligible. As a mesult, He flow mte likely affects the
SIW through variation in the gas composition outside of the
tube, us shown for the first hole in figure 18, as opposed 1o a
flow induced instability.

The spatial extent of S in the SIWs increases with He gas
flow mte because there is a lower concentration of air in the
He plume further from the hole. Air, being composed of
molecular gas, results in greater rates of electron energy loss
due to vibmtional and rotational excitation, and lower lying
electronic states compared to He. At higher He flow rates, air
concentrutions are lower in the plume, resulting in a higher 7,
fora given E/N. T, in the SIW increased from 3.1 104.7 ¢V as
the flow rate was increased from 0.5 1o 2 slm. As a result S,

0.5sIim

1 slm (base)

Figure 18. IW propagation through the first hole & a function of
helium flow rate. (Left) N, density with a steady state flow, pboted
on a four<decade log scale. (Center) Electon temperature as the TW
exits the hole and begins to interact with in-diffusing air, ploteed ona
linear scale. (Right) Electron impact ionization source of the STW at
the same position, plotted on a fourdecade log scale. The speed at
which the SIW develops outside of the tube was sensitive © He flow
rate and so results are when the SIW is at approximately the same
position. The time at which 7, and §, are plotted s indicated at
the left.

increased from 1 % 1010 5 x 10°%m ¥s . The extended
region of the plumes having small air mole fractions with
higher flow rates produced the elongated brighter regions in
the ICCD images.

The PIW attenuates as it passes each hole and sequen-
tally launches SIWs. This attermation is indicated by the
decreasing electron density in the tube shownin figure 17 for
a He flow rate of 2 skm. The lower concentration of air in the
plume at higher He flow mtes enables a more intense SIW
which produces a more conductive channel. For example, the
electron density in the conductive channel increases from
4% 10"cem P for 1 slmto 1 x 10'%em 3 for 2 slm. The
higher conductivity in the channel produced by the SIW
results in a more intense potential rebound when the SIW
contacts ground, and so a larger potential drop occurs in the
tube. Asa result, E/N in the PIW inside the tube decreases as
euch successive SIW contacts the grounded target. The ICCD
brightness of the PIW near the end of the tube decreases with
increasing flow rate because of this decrease in E/N in the



PTW. In time-resolved ICCD imaging, at larger fow mites, the
PTW speed slows with the propagation of each successve
STW (data not shown). In both the experiment and the model,
increasing the flow rate in a negative polarity multi-jet also
elomgated the 5TWs by meducing the diffusion of air into the
He plume (data not shown). In the modeling results, the ST'Ws
reached the tarpet for He fow rates above 2 slm,

The influence of polarity of the voliage on the mixing of
air inte the He plume was not investigated n detml] hers,
However, in prior studies on single plasma jets, we found that
polarity can affect mixing [24] In those swdies, for some
conditions with negative polarity, a stable cvlindrical helium
channel extended to the wrget. However, using a positive
polarity produced a disturbed fow.

Al low He flow rate, the diffusion of wr nto the He
plumes occurs within a few mm of the holes, a5 shown in
figure 18 The SI'Ws fail o propagate bevond an air mole
fractiom of about 208:-25% and a conduction channel 1o
ground is not formed, shown in figure 17, As o result, thers is
no conduction current that commects the powered electrode 1o
ground, and no potential rebound. Current continuity from the
powered electmode is maintwined by displacement current,
either directly 1o ground through the air as the 5TWs suc-
cesgively penetrate through the holes, or by displacement
current through the diglectric twbe, With there being no power
dissipation by the successive waves through formation of
conductive channel, the electmon density inside the tube
remains neady constant as each SIW is launched.

The mieraction between the SI'Ws 15 more sigmificant in
the model than in the experiment, which is expected based on
the two-dimensional approximation of the device. Ttis Likely
for this reason that in the experiment, the SIW for 0.5 slm
propagates (though very weakly) to the ground plane whereas
the SI'W does not propagate in the modeling resolts. At the
same tme, this nleradion may be mderstimatesd in the
ICCD imaging as these images are the avemge of 100 pulses,
So il stochastic behavior resul ted in a different STW fuiling 1o
propagate with each pulse, this solated behavior would not be
visihle in the pulsed avempged images.

4.5. Hole diameler

The diameters of the holes on the muolti-jet greatly affect the
propagation of SIWs out of the holes. A comparison of
experimental ICCD imaging for SI'Ws pmpagating thmugh
200 and 8O0 pm holes is shown in figure 19, Results from the
model for electon density for hole sizes of 200, 500 and
BO0 pm are shown in figure 30, The computed N density,
photoionization source and electon impact iomzation soume
for these holes are shown in figure 21 The delay betwesn the
PTW pussing above a hole and the SI'W appearing outside of
the tube increases as the holes decrease in size. Experimen-
tally, with 200 pm holes, the st SIW does not exit the tube
until appmoximately 250ns after the PIW maches the end of
the whe. With 80K pm holes, the STW propagates out the first
hole 200ns after the PIW passes above the hole (180 ns befon:
the PIW reaches the end of the tbe). This increase in delay is
also observed in the model. The fimt SIW emerges from the
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Figure 18. ICCD imaging of TW propagation for a multi-jet with 200
and B0 gem diamester holes. The camera gate was [0 ns, and images
are averaged over 100 pulses, The time indicated on the figure i

measured from the moment the PTW is visible in the camera frame.

hole 108 ns after the PIW passes for d = 200 pm while
having a delay of only 15ns for d = 800 pm.

The STW propagates more guickly thmugh larger holes
due o the combined effects of gas composition and photo-
o zation. The maximum photoiomzation source outside of
the tube is 10°-10* smaller in mugmitude than the electmn
impact ionization source. However, this photoionization is
critical to providing the im bal electrons which enable the STW
o develop. The number of pholons emitted by Hez™ in the
PI'W which pass through the hole 10 mach the outside of the
tube depends on the aspect ratio of the hole. For o smaller
digmeter hole, the aspect mbo s larger, the view angle is
smaller, and fewer photons mach the owside of the whe 1w
prodoce photoionization. As a mesoll, the rate of photo-
o zation outside the tube before the STW emerges increases
from & = 10" 1o 3 x 10" with increasing hole diameter
(200800 ppm), a5 shown in fgure 21,

The shility of the STW 10 fully develop and bridge the
tube-to-growund gap in part depends on the d Fusion of wrinto
the plume of He exiting the holes. Air diffuses into the He
plume more mpidly with smaller holes which have loger
concentration gradients, This large concentration of air in the
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Figure 20. The maximum electron density [max(n,)] for hole
diameters of 200, 500, and 800 ym, plotied on a three-decade log
scale.

He plume results in more inelastic, non-ionizing electron
energy losses and attachment in the plume with smaller holes.
The result is that SIWs have lower electron densities and do
not reach the target with 200 pm holes, while only the last
SIW reaches the target with 500 pm holes.

In the experiment, the SIWs propagate out the fifth hole
at the end of the tube first with 200 um holes. In the model,
the SIWs first propagated out of the first hole. The precise
timing and sequencing of the SIW are sensitive to the location
of ground planes around the tube. For example, there is an
effective ground plane in the experiment on the right-hand
side of the jet, which in the model was assumed to be 10ecm
away. This ground plane location produces a small increase in
E/N when the PIW reaches the end of the hole, but the
capacitance is 0o small to produce significant ionization. If
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Figure 21. Mechanisms of W propagation through the firgt hole of a
multi-jet for different hole diameters. (Left) N2 density for a steady
state flow, plotted on a four-decade log scale. (Center) Total
photoionization rate, S 4., a 1= 120 ns, before the IW has exited
the tube on a two-decade bog-scale. (Right) Electron impact
ionization rate, §,, on a fourdecade log-scale after the IW has
propagated through the hole for the IW being at approximately the
same locaton. The SIW initiates later for smaller holes and the time
for each image & shown.
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the effective ground is closer, a stonger potential rebound
may occur as the end of the tube charges, producing a more
dense plasma near the fifth hole, and more photoionization as
a result.

4.6. Spacing between holes

It is expected that electrostatic interactions between SIWs
should decrease as the spacing between the holes increases.
The maximum electron densities are shown in figure 22 for
hole spacings of 3-10mm with 800 pm holes. For the
smallest spacing, none of the SIWs reach the taget. If the
spacing is increased to S mm (the base case) the SIWs do not
reach the target for the second, fourth, and fifth hole, but do
so for the first and third When the spacing is increased to
10 mm, the SIWs reach the grounded target in all cases. With
the 10mm spacing, the pulse duration was increased 1o
700ns, to allow time for the PIW to propagate through the
longer tube before the end of the voltage pulse.
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Figure 22. The maximum clectron density [max(n.)] for 3, 5, and
1 0V mm spacing between the holes in a mult-jet for hole diameters of
BOD g, The densities are plotted on a three-decade log scale.

When the holes are closer wgether, the mleraction
betwesn SI'Ws is not only closer in space, but also cliser in
time. The delay between the STW exiting the first hole o
exiting the secomd hole s approdmately 15ns for a 3 mm
spacing, 25 ns for a Smm spacing, and 45ns for a 10mm
spacing. For a 10mm spacing, the first SIW has almost
reached the groumded suface when the second SI'W begins 1o
emerge from its hole, As a msult, the secomd STW cannot
electmstatically interfere with the propagation of the first STW
(though there can be residoal intedference of the first STW
with the second). When thers 15 only 3 mm betwesn the holes,
the first SIW 15 sull developing and has propagated less than
1.5 mm from the hole when the second 5IW begins o emerge
from its hole. As a result, the propagation of the first STW is
affected electmstatically by the second STW, and similady for
the 2nd 1w 3rd STW.

In a previous study of 2 molti-jet by Damy e al, a metal
multi-jet assembly (rather than the dislectric tube) was used Lo
generats SIWs which wene synchmonized in tme [22]. Those
results suggest that the intemctions between SI'Ws are mom
promounced when SIWs are simultaneously genemted, com-
pared o a dielectric multi-jet where the SI'Ws are staggened
in tme,

The 3 mm spacing represents a gualitative lower limit of
hole separation which must be excesded 1o wmifommly treat a

surfuce by the plasma produced in the multi-jet. This lmit of
hale spacing is smaller in the experimental device, becanse
the disturbance in potential surmunding the SIW is less in
three-dimensions than in two-dimensions, For example, STWs
contucted the surface with a 3 mm spacing in the experimental
results discussed in [22]. The design goal of this devics is o
prodoce more spatially uniform treatment. To achieve this
goal, a larger separation between the holes 15 nesded, so that a
SIW does not emenge untl the previows SIW 15 closs o the

surface,

4.7. Distance lo grounded targe!

The distance from the tube o the lower ground plane sig-
nificantly affects the propagation of both the PIW and ST'Ws,
For example, the maximum electron density is shown in
figure 23 for whe-to-lower ground plane gaps of 5-20mm.
Before the PIW maches the first hole, its propagstion is
affected by the lower ground plane. A closer ground plane
resulls in a hogher electne feld, larger capacitance and char-
ging of the whe, and higher PTW spesds befone the first hole,
When the gmunded taget is 5 mm from the whe, the PIW
reaches the first hole afier 65 ns, compared 10 140ns for a
20mum gap (the average speed decreasing from 5.7 = 107 10
26 % 107ems ") The electron impact ionization  rate
decreases Fom 25 = 107 am *s ! for a Smm gap 1o
1.8 % 10™em s " for a 20mm Zap, p'udur:mE electon
densities in the tube of 5 = 10M*cm ¥ w4 = 107em 7,

The SI'Ws are alfected by the tube-to-grmound gap through
bath the dectmc field and the gus composition. As the STW
exits the whbe, themr is an initially higher electric field if the
gap is smaller. As the STW appmaches the grounded targer,
electric feld enhancement in the womzation fronl increases
due 1o the shorting of the electne feld in the trling con-
ductive channel. This effect is larger with o smaller gap as the
initial vacuum eleciic feld is larger. The STW therefore
propagates towanl the ground faster with a smaller gap. The
SIW crosses from hole o ground plane in less than 10ns for a
Smm gap while requiring and 150 ns for 15mm gap. The
amount of air in the path of the SIW thmugh the He plume
increases with distance from the hole 1w the ground plane,
which additionally conmributes 1o the SIW slowing and
eventually stalling.

The consequences of an 53IW contacting the grounded
targel are more severs when the groimded target is closer, If
the: mul ti-jet is close to the grounded target, the STWs contact
the grmounded surface while stll propagating through a He
plume with a low Facton of wr. The elesctron density and
conductivity of the plasma channel are higher, and as a result
the disturbances in potential due 1o the potential rebound are
miwe significant. For small gaps, the potential rebound can
occur before the PIW maches the next hole. The potential
rebound decreases EN in the PIW froni afier each SIW
reaches the gmund The PIW therefore slows as it pmpagates
thmugh the twbe for closer gound planes. For example, with
the 5 mm gap, the PTW has an initial speed (before the first
hole)of 6 = 107 cms " and a final speed (at the last hole) of
1% 107 cms ', As a result the PIWs reach the end of the
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Figure Z3. The maximum clactron density [mec{n,)] for mbe-to-
grounded target gaps of 520 mm. The electron density is plotted on
a four-decade log scale.

tube within about 45 ns of each other for all gaps, in spite of
the PTW with the 5mm gap having a higher initial spesd
With the elecinc held in the PIW decreasing as each SI'W
contacts gronmd and with the PIW slowing down, the inten-
sity of the PIW decreases with each subsequent SIW. For
the Smm gap, the maximum electron density in the whe
decreases from 1 % 10" cm ® above the first hole o 3 =
10" em ® above the last hole. This decrease in electron
density inside the tube is less significant for the 15 mm gap
where the density decreases from 5 = 10" at the first hole to
4 % 10™ em ® at the last hale, The decrease in intensity of
the PTW translates o decrease in maximum electron density
with each successive SIW. For the Smm gap, the maximum

electom density in the STW decreases from 2 » 10" em
the first hole 1o 4 » 10%cm ™ at the lust hole,

The electrostatic interaction betwsen SIWs  decreases
when the ground plane is closer because the vertical electric
field is lurger. However, the decrenss in intensity of succes-
sive SIWs also mtensifies with smaller gaps, implyving that
ther is a muximum number of holes that will support STWs
for o given gap and voltage.

With a twhe-to-target gap of 10mm, the maxdmuom
electron density in the first STW (1 % 10" em ) is higher
that than in the following STWs, all of which have approgi-
mately the sume maximum electmn density (2« 10" em ).
The first SIW reaches the target as the second STW emerges
from the hole, which reduces the electrostic intemction
between the SIWs and may improve the uniformity of the
multiqet treating surfaces. For the computational conditions,
between mps of 10-15 mm, electmstatic intemctions betweesn
the SI'Ws intensify to the point of preventing propagation of
SIWs from adjacent holes.

When the gap mcreases w0 M mm, none of the STWs
reach the target—the vertical electric field is smaller and the
electrstatic interaction between SIWs is greater. The elec-
trostatic inleraction increases due o the relabive timing of the
SIWs, With the ventical electric field being smaller, the first
SIW propagates only ~ 1 mm oulside the hole by the tme the
second STW beging o forme The elecirostatic inlemction
between the STWs can be reduced by increasing the spacing
between the holes, Computational experiments confirmed that
fir o 20mm gap, incressing the spacing of holes 1w 10mm
reduced the electrostatic nteractions. However, increasing the
likelihood for all ST'Ws meaching the ground plane is hest
accomplished by decreasing the twbe-to-ground plane gap.
Having said that, the computed muolti-jet performunce as a
function of whe-todarget gap suggests that them 15 an opti-
mum gap for a given voltage, gas fow rate, hole diameter and
spacing. Increasing  the gap decmases perturtbations  in
potential that occurs when SI'Ws contact the ground plane that
affect subsequent STWs, however the magnitude of pertur-
bations are in turn functions of these opemtional parameters.
These interactions are expected 0 be less severe when
treating a dislectric surface, where the impact of the SI'W
contacting  the surface is limited by the charging of the
surface.

5. Concluding remarks

A multi-jet, a device that produces an aray of APPIs from a
single initial TW was investigated through experiments and
modeling. The design objectives of this devics include pro-
viding large-sres, mlatively uniform plasma treatment of
materials and tissves, Critical design pammeters wens inves-
tigated with this oljective in mind. There are likely two limits
tor the total number of STWs that can be pmduced Fist, the
power supply has a finile capacitance which Limits the total
charge that can be transferred per pulse. If the wial charge
transfer through the conductive chamels of the SIWs excesds
the capacitive limit of the power supply, the applied voltage
will decrease. The msult is that propagation of the PIW and
SIWs may stall, and new SIW's may not be launched. Second,



between the powersd electmde and the fronts of the PIW and
SIW, there 15 a fimte elecine field and so there 15 a decreasein
the electric potential at the froms of these waves, As the
length of the whbe and the number of 5TWs increase, the
electric fisld at the front of the PIW may be insufficient for
further popagation or launching of new S5TWs,

The mest important parmmeter in device performance is
the polarity of the voltage pulse which determines the natun:
of the breakdown and TW dynamics. A positive polanty pulse
provides more electric fisld enhancement at the front of the
I'W, bul is more sensitive o0 mdiaion tmnspont including
immization of impurities. Propagation of the positive STWs mly
on photoionization by photons emitted by both He,™ and
M;™. The excimer radiation from He;” produced in the PIW
und propagating through the holes s most influential in
imtiating the 5TWs. Photoioni zation resulting from emission
by M2 18 must influential in sustwning the STWs. As aresull,
the ST'Ws reach the gmunded target with a positive polanity
while not reaching the arget for the same conditions with a
negative polarity. The positive polarity  discharges may
therefore be preferable for direct surface treatment.

A single hole device was used o qualitatively validate
the modeling results and provide a geomety in which 1o
interpret experimental electric feld measurements, The rends
for the time and spatial dynamics of the electric feld and T'Ws
generally agree between the experiment and the model, with
the computed magnitude of the field being larger than
experiment due to the two-dimensional geometry used in the
model.

Increasing the He flow rate promotes propagation of
STWs by increasing the helivm mole fraction oulside of the
tube and thereby reducing electron energy losses o air dif-
fusing into the He plume. Increasing He gas flow mie enables
STW propagation with lower electric fields (e.g. larger twhe-
torsubstrate gap), Decrapsing the hole diameter resulls in a
lomger delay between passage of the PIW and the STW
emerging from ench hole. This delay s primanly due 0 a
reduced view angle for phowionization outside the whe
which is mquired 0 initialize the propagation of posi-
Live STWs,

The relative timing of STW propagation is also critical to
the interactions between the SIWs. If the spacing between
holes is small, the likelihood for STWs reaching the target is
smualler. For these conditions, subsequent SIWs emerge from
the hole while the previous SIW 15 sull at a stmilar heght,
The resulting petturbation of the electric field by the con-
ductivity and space charge of the adjacent SI'Ws disturb the
propagation of both 5TWs, The proximity of the multi-et to
the grounded target 5 an mmportant control mechanism
Drecreasing the wbe-todarget gap increases the effects of the
potential rebound when SI'Ws contact the ground, but
decrenses the likelihood of electmostatc interactions that
might interfers with propagation of subsegquent 5IWs, A
moderte distance, in this case a 10mm gap, provides a tra-
deofT in which the FIW minimal ly fades with each subsequent
STW, while electrostatic interactions do not prevent sub-
sequent SIWs from reaching the surface.
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