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A 7plasma needle” is a cold plasma source operating at atmospheric pressure. Such sources interact strongly
with living cells, but experimental studies on bacterial samples show that this interaction has a surprising
pattern resulting in circular or annular killing structures. This paper presents numerical simulations showing
that this pattern occurs because biologically active reactive oxygen and nitrogen species are produced domi-
nantly where efluent from the plasma needle interacts with ambient air. A novel solution strategy is utilised
coupling plasma produced neutral(uncharged) reactive species to the gas dynamics solving for steady state
profiles at the treated biological surface. Numerical results are compared with experimental reports corrobo-
rating evidence for atomic oxygen as a key bactericidal species. Surface losses are considered for interaction
of plasma produced reactants with reactive solid and liquid interfaces. Atomic oxygen surface reactions on a
reactive solid surface with adsorption probabilities above 0.1 are shown to be limited by the flux of atomic
oxygen from the plasma. Interaction of the source with an aqueous surface showed hydrogen peroxide as the

dominant species at this interface.

I. INTRODUCTION

The plasma needle’ is a cold atmospheric plasma de-
vice under study for biomedical applications™””. The
device consists of a thin tungsten wire driven by a radio
frequency voltage surrounded by quartz tubing guiding
helium flows of up to 2 slpm around the wire. A critical
factor in its efficacy is attributed to the mixing of the he-
lium carrier gas with air™'”. Mixing results in generation
of reactive oxygen nitrogen species(RONS) culminating
in oxidative and nitrosative stress to exposed cells. In
this report we investigate numerically the role of neu-
tral RONS species produced by the plasma needle device
with a focus on the atomic oxygen and ozone pattern-
ing at the treated surface. Surface losses are discussed
in this context where results of the interaction of plasma
produced reactants with reactive solid and liquid inter-
faces are presented.

1. MODEL DESCRIPTION

A two dimensional axi-symmetric domain about the
pin axis is considered, utilising the devices cylindrical
symmetry (see figure 1). The dimensions are matched
to experimental reports of Goree et al’>" and Sakiyama
et al."’ on the devices killing pattern of S. Mutans bac-
teria samples. A 5 mm dielectric barrier (5ep) sits on
a grounded plate at a distance of 3 mm below the RF
driven pin. The pin diameter was taken as 0.4 mm with
a taper of length 6 mm and tip diameter 0.15 mm.

In the present work, the commercial finite element par-
tial differential equation solver COMSOL Multi-physics
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(version 4.3a)?" is used to find a mutually consistent
solution for the reacting gas flow (which is assumed
to be laminar) and the plasma discharge" Initially,
mass and momentum continuity equations (compressible
Navier-Stokes) are coupled to a mass transport equa-
tion and solved in a steady state manner for a profile
of the helium-air mixture. A gas temperature of 330 K
is assumed with variable density and dynamic viscosity
based on the mixture fraction of gaseous species. Diffu-
sion coefficients for the neutral gas species are calculated
from kinetic gas theory using the Leonard-Jones potential
parameters’. For further information on equation formu-
lation and boundary conditions(figure 1) see reports’”.

The stationary helium-air mixture profile is coupled to
a self consistent fluid model of the plasma. Continuity
equations for the electron density, electron energy and
heavy species densities are solved with Poisson’s equation
for the electric field in the area NBCDIJK shown in figure
1 for C'D of length 5 mm. A log substitution(N; = inn;)
for species density n; from the standard(linear)” species
continuity equation is used”’. This model is similar to
that of Sakiyama et al.”, who have discussed details such
as boundary conditions.

Our model treats a mixture of helium and humid air
(1% H50, 20% O and 79% Ns3). The reaction set is
shown in table I, consisting of seven ionic species(He™,
Hej, N3, OF, O~, O; and HyO%) with fourteen neu-
tral species(He, He*, He}, Oz, O, O(1D), Ny, Np(A43%),
No(B310), N, N(?D), H,0, OH, and H). Reactions R1_14
in table I follow the He-N5 reaction scheme of Golubovski
et al**. The oxygen reaction scheme is given by reactions
R14_22, nitrogen reactions by Ro3_2g and HsO reactions
by Rag_31 in table I. A helium purity of 99.999% is used
here.

The electron transport and electron impact reac-
tion rates are preprocessed by solving the zero dimen-
sional Boltzmann equation using the Bolsig+ solver
software'” with collision cross section data from the La-
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FIG. 1. Plasma needle geometry

cat database”’ for a range of helium-air mixtures. The
ion transport values are taken from literature™ and the
corresponding diffusion coefficients are calculated using
the Einstein relation.

The sinusoidal applied voltage with frequency of f =
13.56 M Hz is given by Vyp,pSin(2m ft) + Vi, where Vo,
is the applied voltage amplitude and Vj. represents the
self bias voltage due to a serial blocking capacitance com-
ponent in the matching circuit.

The phase averaged production rates for the neutral
species formed by the plasma dynamics are coupled to
a mass transport model for the reacting and convecting
mixture of neutral species, which is solved over larger
timescales (¢ ~ 0.1 s). These neutrals react to form
ozone Og (see table II), various nitrogen-oxygen species
N, O, (table III), hydrogen-oxygen species H,O,, (table
IV) and hydrogen-oxygen-nitrogen HNO, species(table
IV(R14-18)). The short lived reactive neutrals(N(?D),
N3 (A3%), No(B31I), He*, H and O('D)) formed during
the plasma dynamics do not convect or diffuse consider-
ably during this stage of the model.

IIl. RESULTS AND DISCUSSION

A. Plasma structure

The plasma model is solved for Vi, = 800V, 900 V
and 1000 V for helium inflows of 0.4, 0.5, 0.75 and 1
slpm until the average power deposited(P,,) reaches a
steady state(t ~ 10 us) (0P,, < 5%) corresponding to
convergence in reactive neutral species production. The
phase averaged electron density is shown in figure 2. A
plasma with density ~ 102° m~2 forms around the nee-
dle tip, but this rapidly decreases to ~ 10'® m™3 in the

downstream region. A thin sheath structure is formed
extending from the tip along the needle sides consistent
with a high power mode reported for corona discharges
of this type”.

The phase averaged electron mean energy(see figure 2)
displays peak values over 22 eV near the needle tip, due
to the high electric field and the large curvature of the
needle at this point. At the sides of the pin, electron
mean energy values up to 14 eV are observed. Peak val-
ues drop in the bulk of the discharge where the mean
electron energy is typically 1-2.5 eV (figure 2). These
bulk values of electron energy are a key factor in pro-
viding the energy required to disassociate and excite air
species, and to generate reactive neutral species.

The Helium metastable species He* and He3 follow a
similar spatial pattern to the plasma density with peak
values of 10?! m~=3 for He*(see figure 3) and 10%° m~3
for He} along the needle tip and sides. The HeJ ion is
the dominant ionic species at the needle tip (see figure
3). This is due to the relatively small amount of impurity
present in this region (~ 10 ppm). Stepwise ionisation
(Rs, Rip in table I) and the fast charge transfer reac-
tion between Het and Hej result in a dominance of the
Hej ion around the needle tip. Away from the tip, N
becomes the dominant ionic species (figure 3) with peak
values of 1017 m~3 near the central region approximately
1 mm below the pin. This is due to charge transfer re-
actions (Ry4 in table I) and increased penning ionisation
(R12, Ri3) with increasing nitrogen in the gas mixture.
The charge transfer reaction between Ni and OF (Rag
in table I) dominates the ion density in the outer radial
region away from the tip (figure 3) with peak OF values
of 1017 m~3 occuring approximately 2 mm below the pin
and 1.5 mm from the central region. HoO™ ions follow a
similar distribution to OF with peak values of 1016 m~3
outside the central region.

Negative ions play a dominant role in the outer regions
of the discharge(see figure 4) as the fraction of O in the
gas mixture increases(see figure 5(right)). Peak O~ den-
sity of 1017 occur at air fractions in the range 1073 to
102 approximately 2 mm from the centre. An increas-
ing Oy fraction outside the central region leads to the
dominance of O; (see figure 4 and reaction Rgg in table
I). Negative ions are the dominant negative charge carrier
as the air fraction increases in the range 1072 to 1071,
This eventually leads to a large decrease in the plasma
density in the outer regions of the discharge as power is
increasingly coupled to negative ions over electrons.

B. Reactive neutrals

The neutral oxygen species produced by the plasma
include atomic oxygen O, excited species O(*D) and the
long lived molecular oxygen metastable Oy(a'A). The
phase averaged atomic oxygen production rate is shown
in figure 5 with corresponding air fraction (right) for a
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FIG. 3. HeJ (left), N (middle) and OF (right) phase aver-
aged density 1/m®: 0.5 slpm, Vappriea=900 V,V4.=0 V

flow rate of 0.5 slpm. The spatial peak production of
atomic oxygen occurs in the region where the air frac-
tion is of the order 10~2 and the plasma density is of the
order of 1017 m~2 (figure 2). Values of 1.1x10%° m~3s are
observed in the region of 1072 - 1072 air fraction. Three
factors determine the patterning seen here: the interac-
tion of plasma (electron) density, electron energy and the
available oxygen density (air fraction). Atomic oxygen is
produced via dissociation, due to electron impact by re-
actions Rjg and Rj7 with threshold energies of 5.58 eV
and 8.4 eV and also by dissociative recombination reac-
tion Rqg in table I. Ry7 was found to be the dominant
reaction producing atomic oxygen. The production rate
of O(*D) follows a similar pattern to the atomic oxy-
gen production consistent with reaction Rj7 in table I.
Oy(a'A) displays a more diffuse pattern of production
in comparison to O and O(! D) due to its low excitation
energy threshold of 0.98 eV. Oy (a'A) peak production of
5x10%* m~3 s7! are observed in the region of 10=2 air
fraction.

The phase averaged N production rates are shown in
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FIG. 4. O~ (left), O5 (middle) and He" (right) phase averaged
density 1/m®: 0.5 slpm, Vapprica=900 V,V4.=0 V
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FIG. 5. O(left), N(middle) phase averaged production rate
[1/m?s]& air mixture fraction: 0.5 slpm, Vapprica=900 V

figure 5. Formation of N is by direct dissociation of
N3 (Rgg table I) and disociative recombination of N (Rag
table I). The latter reaction proves dominant in the area
around the needle tip where N2+ ion densities are large.
The production rate of N(2D) follows a similar pattern
to the atomic nitrogen production consistent with the
chemistry used(Ra7, Rog in table I). The phase averaged
N3 (A3Y) and Ny (B?II) spatial production patterns show
similar behaviour to Oz(a'A) production with peak val-
ues of 3.6 — 5 x 102> m~3 s~! observed.

OH and H are formed via the direct dissociation and
dissociative recombination of H,O and HoO" (Rag_31 ta-
ble I) and show a similar production pattern as O. Peak
values of 9 x 1022 m~3 s~! are found.

C. Reactive species at surface

The steady state oxygen and ozone distribution on the
grounded surface is shown in figure 6 for 0.4, 0.5, 0.75 and
1 slpm inlet flows at 900 V. Peak O and O3 values shift



-+ 0(0.4slpm)
220 4— 0.4 slpm .2.0(0.5slpm)
150 \ o5t - 0O(0.75slpm)
k- .5 slpm O(1slpm)
: ;_3‘/
140 b
g 0.75 slpm
g 100 Y
@ 1 slpm
sof A\ ‘k‘/
ol 'é;_‘.\
I — M e—a 2 o

(b)

1400

0,(a*A)(0.4slpm)
0,(a"A)(0.5slpm)
0,(a"A)(0.75slpm)

1200
0(a"A)(1slpm)
g 8 0,(0.5slpm)
& 800 -4-0,(0.75slpm)

- 0,(1slpm)

600 n-.‘_
400 ~ ]
PN
200 T... S
0 2 4 6 8 10
r(mm)

FIG. 6. O (a) & O3, O2(a'A)(b) on surface(ppm): 0.4 slpm,
0.5slpm 0.75slpm, 1slpm, Vappiiea = 900 V

outwards in tandem (separated by approximately 1 mm)
as the available air fraction decreases in the central region
at higher flows. The decrease in the peak magnitude
is due to the lower plasma density and electron energy
available outside the central region. At flows of 0.4 slpm
peak oxygen values of over 250 ppm(5.5x 10%! m~3) occur
within 2 mm of the centre.

The balance between the competitive reactions in ta-
ble II determine the atomic orygen-ozone balance in the
region below the pin. Ozone generation is dominated
by reaction with Helium in the central region and No,
O outside the central region( Ry in table II). Quench-
ing of ozone is due to reactions with hydrogen-oxygen
radicals(OH, H, HO2)(R5,14 24 in table IV) and nitrogen-
oxides (NO, NO3)(Rq7,15 in table III) but is dominated
by quenching by Oz(a'A) (Ry; in table IT) with rate val-
ues of the order of 102> m~3 s=! across the domain.

The steady state distribution of nitrogen-oxygen
species is shown in figure 7 for an inlet flow of 0.4 slpm
and applied voltage of 900 V. Atomic nitrogen was found
in the central region in excess of 17 ppm. Nitrous ox-
ide N2O was found to be the dominant nitrogen-oxygen
species with peak values in the central region of 40 ppm.
Values of NO and NO» found were less than 13 ppm and

FIG. 7. RONS density at surface(ppm): 0.4 slpm, Vappiicd =
900 V, Vge =0V

4 ppm peaking in the central region.

Figure 7(right) shows the steady state density for
hydrogen-oxygen-nitrogen species. Peak values of
12 ppm hydrogen peroxide HoO5 and 8.5 ppm of hy-
droperoxyl radical HO2 were found at the treatment sur-
face with maximum values occurring within 5 mm of the
centre. Nitrous acid HNOy and nitric acid HNO3 values
of less than 5 ppm are shown in figure 7(right).

D. Experimental comparison

In this section a comparison of our model results
from optical diagnostics on a plasma needle treated sur-
face by Sakiyama et al.'’ is discussed. Sakiyama’s re-
port presents atomic oxygen density values on a treated
surface corroborating earlier studies by Goree et al”
on circular and annular killing patterns observed on
plasma needle treated S. Mutans bacterial samples. The
grounded surface used by Sakiyama in this report is a
quartz cuvette (SiOg) which is a largely inactive sur-
face to oxidation by the plasma produced RONS(O, Os,
Oz(a'A), ..). This allows direct comparison with results
discussed in section IIT C for an inactive solid treatment
surface(boundary C'E in figure 1). Figure 8 shows atomic
oxygen density at inlet flows of 0.4 slpm and 1 splm for a
range of applied voltages. Peak values at 0.5 slpm as re-
ported by Sakiyama et al. show an atomic oxygen density
peak of 5 x 102! m~2 within 2 mm of the centre. This is
in good agreement with similar peak values for 0.4 slpm
at 900-1000 V shown in figure 8. At 1 slpm inlet flows
Sakiyama reports a peak in the atomic oxygen at 3 mm
outside the central region with density of 4 x 10%! m~3.
Figure 8 shows a similar density peaking at 3 mm but
with lower peak values of 2 x 102! m~3. Such a diver-
gence of results is possibly due to unmatched power con-
ditions used experimentally(applied voltage conditions
not reported) or the DC bias voltage which is not ac-
counted for in this numerical study.
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surface(m™?) for a range of adsorption probabilities(y): 0.4
slpmm, Vappticd = 1000 V

E. Surface interaction

The interaction of plasma produced RONS with ac-
tive surfaces is highly dependent on the surface prop-
erties of the material being treated. Atmospheric pres-
sure plasmas have been shown to increase the surface en-
ergy(wetability) of various solid surfaces of hydrocarbon
polymers such as perspex or polystyrene™”, to kill bacte-
ria, promote wound healing in mammalian cells and kill
cancerous cells These applications occur in both
aqueous and dry environments adding to the complex-
ity of interaction. In this section we discuss the interac-
tion of the plasma needle with reactive solid and aqueous
boundaries in the context of the results presented above.

1. Solid surface interaction

Adsorption of plasma produced RONS on a dry solid
surface of a non-biological or biological polymer initially
causes radical formation which propagates a chain reac-
tion of radical production on the surface. Initial radi-
cal formation breaks C-H, C-O and C-C bonds on the
polymer surface such as peptidoglycan in bacteria cell
walls™', lipid layers in animal cell membranes™~ or plas-
tic materials such as polypropolene RONS flux loss
at a treated surface is primarily dependent on the den-
sity of available reaction sites and the reaction rate for
each species adsorption. The initiated radical formation
on a treated surface is followed by a sequence of radical
reactions(propagation) and eventual radical termination
often producing a sequence of gaseous by-products which
may interact with plasma RONS at the interface. A full
model of this interaction for various surfaces is beyond
the scope of this report.

Here we investigate surfaces losses at a reactive treat-
ment surface by considering a simplified model of flux loss
for a variety of adsorption probability values(y) where
(1 > v > 0) for each species The flux loss at the
treated boundary( CE in figure 1) is given by the prod-
uct vil'gurys where I'gypp; is the normal component of
the surface flux for species i. Our reacting gas model is
solved using the same flux loss probability v for O, Oz
and Oz (a'A) reactive oxygen species’’. Steady state re-
sults for the atomic oxygen density at the treated surface
for various reaction probabilities v are shown in figure 9.
We see that for values of v > 0.1 species density at the
surface(central region) begin to drop significantly. Fig-
ure 9 shows that atomic oxygen surface reactions with
reaction/adsorption probabilities v > 0.1 will be limited
significantly by the atomic oxygen flux from the plasma.
Reaction probabilities for atomic oxygen interacting with
polypropylene surfaces”’ have been estimated as typically
< 0.01 while reaction probabilities on biological polymers
such as lipid layers of cell membranes are not yet fully
understood.

2. Water surface interaction

Many application environments such as treatment of
living tissues involve biological targets covered in a liquid
layer predominately constituent of water. In this scenario
the plasma produced RONS are effected remarkable by
interaction with a HyO liquid layer. The gas mixture at
the liquid interface is saturated with water vapour which
reacts with plasma produced RONS. To estimate this wa-
ter vapour density we consider the Antoine equation al-
lowing the calculation of the (saturated) partial pressure
of the water vapour in the gas mixture at the interface
Assuming a temperature of 293.15 K the partial pres-
sure of HoO vapour was calculated as 0.023 fraction of
the total atmosphere””. The average gas density at the
surface( boundary CFE) for an inlet flow of 0.4 slpm is
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by 10), Vappriea = 800 V, Vo = 0 V

2.2 x10% [1/m?] giving an average HoO gas density of
5x10?3 [1/m?] at the interface. We consider the effects
of interaction with this vapour layer on RONS species
by including an additional reaction chemistry at the sur-
face C'E in our model. An additional chemistry shown in
table V is considered on the boundary C'E with a HyO
density 0.023 fraction of the total gas density across the
boundary.

Results shown in figure 10 represent the non-
equilibrium(undissolved) gaseous species density at the
water surface for 1000 V applied voltage at an inlet flow
of 0.4 slpm. Atomic oxygen reacts strongly with the HoO
vapour layer to form OH(R; in table V) which further re-
acts with HoO to form hydrogen peroxide HoO2(Rq;7 in
table V). Reaction of O3 with the vapour layer results
in further O formation. Comparison of O3 values on an
inactive surface show a 50% drop in Oz density over an
aqueous surface. This atomic oxygen production due to
O3 reaction with water is responsible for a more diffuse
H>O5 pattern on the treated surface when compared with
the O spatial pattern over a solid surface. Peak values
of HoO5 of 200 ppm in the central region are shown in
figure 10(left) falling to 50 ppm at 5 mm from the centre.
O2(a'A) is quenched considerably to Oy when it interacts
with the HoO vapour layer(R4 in table V). Comparison
of Oz(aA) values on an inactive surface show a ~600%
drop in density in the central region over an aqueous sur-
face. At 4 mm from the center however Oz(a'A) actually
increases by approximately 100-200% due to the decrease
in O3 before tending to zero beyond 9 mm.

Equilibrium occurs due to dissolution of gaseous
species into the water volume which is assumed to pro-
ceed reaction at the interface. Henry’s law constants
shown in table VI represent the concentration ratio of dis-
solved and undissolved gases once equilibria is reached. If
we assume that the total available species(ntotar = Ngas+
Naqueos) for dissolution is equal to the non-equilibrium
distributions shown in figure the fraction of dissolved
and undissolved species in equilibria is given by the ra-
tios 1/(1+K¢%) and 1/(1+1/K55) respectively shown in

table VI. Table VI clearly shows that HyOo, HNOs,
HO3 and HNOg/(see figure 10(right)) with solubilities of
99.99%, 67%, 99.6% and 99.99% respectively (given by
1/(141/K%)) are the most important species for treat-
ment of aqueous surfaces.

IV. CONCLUSION

In this paper the behaviour of neutral reactive species
of the ”plasma needle” source is investigated. Peak pro-
duction of atomic oxygen due to interaction of the plasma
with air species occurred at regions of air fraction from
1073 to 1072. Increasing the gas flow shifted the peak
atomic oxygen at the surface from the central to the outer
discharge regions correlating to solid circular and annular
type atomic oxygen distributions previously reported™
Peak atomic oxygen density of 10?! and ozone density of
1022 m~2 were presented here.

Surface loss studies revealed that atomic oxygen sur-
face reactions on a reactive solid surface with adsorption
probabilities greater than 0.1 are limited by the flux of
atomic oxygen from the plasma. Interaction of the source
with an aqueous surface showed hydrogen peroxide as the
dominant species at this interface with significant hy-
droperoxyl radical, nitrous acid and nitric acid densities
also present.
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Appendix A: Chemistry tables

Ref* Reaction Rate®

Ri e+He—He+e BOLSIG+

Ro e+He—He"+e BOLSIG+

Rs'’ et+He—2e 4 He't BOLSIG+

Rs?? e+He* —e+He 2.9 x 10715

Rs”” e+Hej —He*+He 8.9 x 107 (T /T.)"®
R¢™” He'+2He—He+Hey 1.1x107*

R;?* He*+2He—He+He} 2 x 10716

Rs”® He*+He* —e+Hef 1.5x 107"

Ro’? Hejs — 2He 10%

Rio”” Hej+Hes —e+Hef +2He 1.5 x 107*°

Ri1”” e+Nj —2N 4.8 x 10713(Ty /Te)°®
Ri2”” He*+Ns —He+N{ +e 5x 10717

Ri3”” He34+Ng —2He+NF +e 3x 10717

Ris”? Hed 4+Ny —He*+NF 1.4 x 10715

Ris'” e+02 —2e + OF BOLSIG+

Ric'’ e+02 —e+20 BOLSIG+

Ri7'’ e+02 —e+04+0('D) BOLSIG+

Ris”’ e+0F —20 6 x 10717t

Rig e+0o —>e+02(a1A) BOLSIG+

Rao”? N§+02 —No+0F 1.04 x 10~ 1%, 05
Ro1'® He*4+02 —He4+0F +e 2.54 x 107'%(T,/300)%-®
Ro2”! He3+02 —2He+0F 4e 1 x 107*%(T,/300)°®
Ros e+No —>e+N2(A32) BOLSIG+

Ros'” e+Ny — e+Ny(B31I) BOLSIG+

Ros'? No(B3I)—N2(A%%) 1.2 x 10°

Ras'” e+Ny —e+N(*D)+N BOLSIG+

Ro7'” e+N—e+N(?D) BOLSIG+

Ros”’ e+NJ —N(?D)+N 1.5 x 10712 /197
Rog 7 e+ HoO—2e + HQO+ BOLSIG+

Rso'’ e+H0" —OH+H 2.73 x 107127, °°
Ras1 e+H>O—e+OH+H BOLSIG+

R32 7 e+0s — O4+0~ BOLSIG+

R33™" e+202 — O5 + O2 6 X 10739T;1

R3s”" O7 + 05 = O + Oq 3.464 x 101?71, °®
Rss”’ Oy + OF + M® - 20, + M 3.12 x 1072'7,%°

a guperscript n indicates reference for it

reaction R}

P Rates in units [m3/s], [m®/s](3 body reactions), T4(K) gas
temperature, Te(K) electron temperature
¢ M represents background gases He, Na, O2

TABLE I. Plasma chemistry

Ref* Reaction Rate Coefficient?

Ri"" O+O0+M°—02+M 2.15 x 10~ Mexp(345/T,)
Re'” O402+M—03+M 6.9 x 107*6(300/T,)*

R3'” 0402:+0—03+0 2.15 x 10746 exp(345/T,)
R4'” O402+03 =203 4.6 x 10™*7exp(1050/Ty)
Rs'” 0403 =202 1.8 x 10~ exp(-2300/T,)
Rs'? O0+0('D) =20 8x 10718

R;'° O(*D)+M —O+M 1x107%

Rs O(ID)+O3 —204+02 1.2 x 10716

Ro O(ID)+02(a1A)—>O+Og 1.0 x 10717

Rio O(ID)+02 —>O+02(G1A) 1.0 x 10718

Ri1'" O2(a'A)4+03 -04202 5.2 x 10~ 7exp(-2840/T,)
Ri2'" 02(a'A)+M — O24+M 2.01 x 10726

Riz'’ O34+M — O+02+M 1.56 x 10~ 'Pexp(-11490/Ty)
Ris 03403 =-0+02+03 1.65 x 10715exp(-11400/Tg)

2 guperscript n indicates reference for i

th reaction R}

P Rates in units [m3/s], [m%/s](3 body reactions), T4(K) gas
temperature, Te(K) electron temperature
¢ M represents background gases He, N2, O2

TABLE II. Oxygen chemistry

Ref* Reaction Rate Coefficient?

Ri"" N+O+M°—NO-+M 6.3 x 10~ ™ exp(140/T,)
Re'? N+N+M—No+M 8.3 x 107%¢ exp(500/T,)
R;'" N+Oz -=NO+O 1.5 x 10717 exp(-3600/T,)
R4 N+NO—N2+0q 2.1 x 1077 exp(100/Ty)
Rs'Y N+NOz —=N,0+0 5.8 x 1078 exp(220/T,)
R¢'' N+OH—H+NO 7.5 x 10717

R7'" N(D)+M—N+M 5 x 107'® exp(-1620/Ty)
Rs N(2D)+02 —NO+0('D) 6 x 1078 (T,/300)°°

Re”? N(®*D)+NO—N20 6 x 10717

Rio ( )+NO—>N2+O 4.5 x 1077

Ri1'" N2(A®S)+M—No+M 2.2 x1072°

Ri2” N2(A®*L)+0—=NO+N(®D) 7x 10718

Ris 2( )+02 —N3+20 2.54 x 10718

Ri4” Na(A®L)+N20— No+N4+NO 1 x 10717

Ris'' Na(A®S)+NO2 — No+NO+O 1.3 x 10717

Ris'' NO+O4+M—NOs+M 1 x 107*3(300/T,)"®

Ri7'" NO+O; —»NO2+0, 1.8 x 1078 exp(-1370/Ty)
Ris'" NO24+03 —NO3+02 1.4 x 10719 exp(-2470/T,)
Rig'" NO24+NO3+M—N2O5-+M 2.8 x 107*2 (300/T,)>"
R20'" NO24+0O—NO+0, 6.5 x 107*® exp(120/T,)
Ro1'! NO24+O(*D)—=NO+02 1.4 x 10716

Ra2'" Na4+O(*D)+M—N20+M 9 x 107

Ros'! N204-0(*D)—=NO+4NO 1.4 x 10716

Ros " NO3+O—NO2+02 1.7 x 10717

Ros ' NoOs5+M—NO2+NO3+M ((300 X 1079)/Tg)3'5

x exp(-11000/T)

& superscript n indicates reference for i

th reaction R}

b Rates in units [m3/s], [m®/s](3 body reactions), T4(K) gas
temperature, T (K) electron temperature
¢ M represents background gases He, Na, O2

TABLE III. Nitrogen-oxygen chemistry



Ref* Reaction Rate Coefficient” Species K% 1/(1+K%) 1/(1+1/K%)

R:"" H+H+M°—H,+M 1.8 x 107%/T, He 1.514e-5 0.99999  1le-5

R2"" H4+O0+M—-OH+M 1.62 x 104 O2 5.32e-4  0.9995 Se-4

R;'" H4034+M—HO2+M 5.4 x 10™**(T,/300)~ 8 No 2.66e-5  0.99997  3e-5

R4 H+OH+M—H>0+M 6.1 % 10738/ng) O3 4.91e-5 0.99995 5e-5

Rs;'® H+03; —OH+0, 2.8 x 10717(T,/300)%7 NO 7.77e-5  0.99992  8e-5

R¢'” H+HO, —Hy+0s 5.6 % 10-18 NO, 1.68e-3  0.998 2e-3

R~ H+HO, —H,0+0 2.4 x 10718 NO 1.02e-3 0.999 le-3

Rs"’ H+H,05 -OH+H,0 1.69 x 10717 exp(-1800/T,) NOs  7.37e-2 0.93 7e-2

Ry'’ HANO, —sOH4NO 147 % 10-16 NoOs  8.59%-2 0.92 0.08

Rio'" H+NO3 —OH+NO, 5.8 x 10716 exp(750/T,) Hy 3.19e-5  0.99997  3e-5

Ri1'" HHHNO, —sHy+NO, 2 % 10~17 exp(-3700/T,) OH 119 0457 0.543

Ri>"’ H+HNO3 —H,0+NO, 1.39 x 10720(T, /298)>2 EOS 3335 ge‘i 8'3887
x exp(-3160/Ty) HNO: 201 0.33 0.67

Riz"? OH4+0—H40- 2.2 x 1077 exp(-350/T,) HN02 8503 lod 0.0900

Ris'’ OH+0s5 —HO2+0, 1.6 x 10—18 exp(-1000/T,) 3 & :

—43 —0.8

113{12 8Eigg:1\£:§582+1\4 gg i 18_18((3;5(’1{?_%%)3/1‘57) %/i];;_JSEl;Q Henry’s law constant(solubilities) in water at

Ri7'? OH+H, —H+H20 3.2 x 10717 exp(-2600/T,) ~

Rig'" OH+H202 —HO2+H20 2.9 x 107*® exp(-160/T,)

Rig"" OH4-NO+M—HNO,+M 7.4 x 107*3(300/T,)**

Rao'! OH+NO2+M—HNO34+M 2.2 x 107*2(300/T,)*°

Ro1'" OH4NO; —HO2+NO, 2 x 1077

Ra2?" OH4HNO> —NO2+H>0 1.8 x 10717(=390/T,)

Ros'" OH+HNO3 —NO3+H20 1.5 x 1072° exp(650/Ty)

Raq'" HO24+03 —OH+20: 1.4 x 10729 exp(-600/T,)

Ras'" HO24+HOs —H202+02 2.2 x 107 exp(600/T,)

R26 HNOQ+HN03 —>2N02—|—H20 1.6 x 10_23

a superscript n indicates reference for it" reaction R?

b Rates in units [m3/s], [m®/s](3 body reactions), T4(K) gas

temperature, T¢(K) electron temperature
¢ M represents background gases He, Na, O2
TABLE IV. Hydrogen-nitrogen-oxygen chemistry

Ref* Reaction Rate Coefficient®

R:"” O+H20—20H+O0, 1.0 x 10~ 17 exp(-550/T,)

R2'* O+O0+H20—02+H20 2.15 x 1076 exp(345/T,)

R3'> 0402+H20—03+H20 6.9 x 107¢(300/7,)**°

R4* 02(a'A)+H20—-02+H20 3 x 107

Rs'" 03+H20—-0+02+H20 1.56 x 10~ *Pexp(-11490/T,)

Re¢'* N+O+H20—NO+H,0 6.3 x 107 exp(140/T,)

R7" N+N+H:0—No+H,0 8.3 x 107 exp(500/T,)

Rs'’ NO+0+H20—NO2+H,0 1 x 107*3(300/T,)"¢

Ro'" NO24+NO34+H20—N205+H20 2.8 x 107*2(300/7,)3®

Rio'” N205+H20—NO24+NO3+H20 ((300 x 107°)/1,)35

Ri1”" OH4+OH+H:0—H2024+H0 6.9 x 107*3(T, /300) %8
x exp(-11000/T,)

Rig'" OH4+NO+H,0—HNO,+H,O 7.4 x 107*3(300/T,)**

Rao'' OH4NO2+H,O—HNO34+H0 2.2 x 107*%(300/7,)*°

2 guperscript n indicates reference for ith reaction R}

P Rates in units [m3/s], [m®/s](3 body reactions), T4(K) gas
temperature, T (K) electron temperature

TABLE V. Surface HoO chemistry
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