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Abstract

Plasmas in bubbles in water are being investigated for their ability to produce chemically
reactive species for water purification and medical treatment. The gas forming the bubble is
potentially a design parameter for water purification as the type and rate of production of
active species may be controllable by the type of gas in the bubble. In this paper, we report on
a computational investigation of the dynamics of plasmas in bubbles in water sustained in
different gases. Images, optical spectra and plasma properties are discussed for plasmas in
bubbles of N;, Ar and He in water, and compared to experiments. The differences in plasma
dynamics and spatial distribution of the plasma (e.g., volume discharge or surface hugging)
when using different gases depend in large part on the electron energy relaxation length, and
the rate of diffusion of water vapour into the interior of the bubble. Electron impact
dissociative excitation of water vapour, electron impact excitation of dissociation products and
excitation transfer from the plasma excited injected bubble gases to water vapour all contribute
to plasma emission. Variations in the contributions of these processes are responsible for
differences in the observed optical spectra and differences in radical production.
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1. Introduction

Plasmas in or in contact with water are being investigated due
to their ability to produce chemically reactive species such
as hydrogen peroxide [1], hydroxyl radicals [2] and oxygen
radicals [3] for applications ranging from environmental
cleanup [3] and chemical processing [4] to healthcare [5].
Electric discharges in liquid have been reported in the absence
of a vapour phase when using rapidly applied high voltages [6].
However, from the perspective of high average power industrial
applications, it is likely that radical formation in discharges in
liquids dominantly occurs in a pre-existing vapour phase or a

4 Author to whom any correspondence should be addressed.

0022-3727/14/055202+13$33.00

vapour phase produced by the discharge itself. Formation of
the vapour phase by the discharge is energetically costly as the
heat of formation of the gas must be invested before significant
radical production occurs. High voltages are also required to
produce the requisite E /N (electric field/gas number density)
to produce the discharge in a liquid, whose densities are
typically 1000 times that of atmospheric pressure gas.

An alternative approach is to inject atmospheric pressure
bubbles into the liquid and sustain the discharge in the bubbles.
Due to the low molecular density in the bubble compared to
the liquid, a significantly lower voltage will initiate the plasma
in the bubble compared to the liquid. For sufficiently small
bubbles and residence times of the bubble in the liquid, the
majority of radicals produced in the bubble will likely diffuse
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into the liquid. The composition of the radicals produced in
the bubble is determined by the gas used to make the bubble
and the vapour of the liquid that diffuses into the bubble. It
has been proposed that initiating and propagating discharges
in liquid are likely enabled (or at least enhanced) by pre-
existing bubbles. Even in degassed water, there probably are
pre-existing bubbles of 100’s nm [7].

Discharges in bubbles in water are more complex than
their counterparts in the gas phase due to the close proximity
of the gas—water interface. In actual practice, discharges
in bubbles can significantly deform and in some cases
the bubble may burst [8]. Even in the absence of these
morphological changes, the gas—vapour interface is critical to
the characteristics of the plasma in a bubble, and, in particular,
a plasma-in-a-bubble-in-water (PBW).

In one arrangement of PBW, the bubble is attached to
an electrode immersed in water. The applied voltage is low
enough that the discharge occurs only in the bubble (and not in
the water). For initially deionized or low conductivity water,
the water essentially operates as a dielectric on the timescales
of the discharge pulse, and so the discharge is terminated when
charge accumulates at the surface of the water, much like a
dielectric barrier discharge (DBD). Prior modelling results [ 10]
and experimental observations [11] have shown that under
select conditions, the discharge in a PBW propagates along
the vapour—water boundary. This surface-hugging-discharge
mode is a consequence of the electric field enhancement that
occurs across a curved boundary between two materials having
different dielectric constants (¢/¢y = 1 for the bubble and 80
for water). These plasma dynamics fortunately concentrate the
discharge power at the location where the water vapour density
is likely highest and so the production of oxidizing radicals is
large. PBWs can appear as both a volumetric dielectric barrier
discharge [9] and as a surface discharge, the latter of which
is a variant of a DBD [10, 11]. For large bubbles, PBWs tend
to hug the water surface whereas in smaller bubbles and with
larger voltages, the discharge tends to more uniformly fill the
bubble.

With the goal of quantifying the basic physical and
chemical processes of PBW, in this paper, we discuss results
from a computational investigation of the plasma dynamics of
electrical discharges in idealized bubbles in water. A single
discharge pulse is investigated in PBWs through He, Ar and
N, filled bubbles. The bubbles are modelled as being static
since the discharge occurs and evolves in nanoseconds, and so
no deformation of the bubble occurs in the model [10]. The
water is represented as a dielectric material so no reactions
occur inside the water. Synthesized images and optical spectra
from the bubbles are compared to recent experiments by
Tachibana et al [11]. In these experiments, the bubbles were
distorted by the discharges after the current pulse terminated.
However, during the short current pulse, the bubbles were
largely undisturbed. A new bubble was created for the next
discharge pulse so the distortion of the previous bubble was not
important. In this paper, we discuss excitation mechanisms in
the bubble during the discharge pulse prior to distortions being
important.

We found that the electron temperature, 7., within the
PBW is higher for atomic gases and lower for molecular gases,
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Figure 1. Schematic of the geometry highlighting the computational
domain in the vicinity of the bubble. The domain is cylindrically
symmetric across the left boundary.

which resultin strong and weak optical emissions, respectively.
In addition to differences in T, excitation transfer processes
from the electronically excited bubble gases to water vapour
also contribute to differences in the optical emission. These
results are also influenced by the different rates of diffusion of
water vapour from the surface of the water into the interior of
the bubble. The electron energy relaxation length, ., defined
by the characteristic distance electrons travel before dissipating
their energy through collisions, is affected by this diffusion of
water vapour into the bubble.

The model used in this investigation is described in
section 2 followed by a discussion of simulated PBW in
section 3. Our concluding remarks are in section 4.

2. Description of model

The model used in this investigation, nonPDPSIM, is a
two-dimensional plasma hydrodynamics simulation which is
essentially the same as that described in [10,12,13]. and
so will be only briefly described here. In the model,
Poisson’s equation, transport equations for all charged and
neutral species and the electron energy equation are solved
for electrical potential, density and momenta of charged and
neutral species, and electron temperature, respectively. The
electron transport and rate coefficient as a function of average
electron energy are obtained by solving Boltzmann’s equation
using a two-term spherical harmonic expansion. Radiation
transport and photon-induced ionization and dissociation are
addressed by implementing a Green’s function propagator.
High lying excited states generate UV/VUV radiation, which
is attenuated by absorption in propagating through the plasma
[14]. Radiation transport also provides photon fluxes to
surfaces. In these results, H,O undergoes photoionization and
photodissociation to H and OH.

The model geometry is shown in figure 1. The entire
computational domain is 50 mm x 50 mm and is filled with
water. (The bubble region is enlarged in figure 1). The system
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is cylindrically symmetric across the centre line on the left
boundary. The bubble having a diameter of 2 mm is attached
to a metal tube having a 0.3 mm inner diameter which also
serves as the powered electrode. The metal tube is covered
with a 3.6 mm thick dielectric (¢ /gy = 4). Outside the bubble
is water, which in our model is treated as a non-conductive
material with a dielectric constant of &¢/¢yp = 80. Grounded
metal electrodes are on the top and right boundaries, which
are sufficiently far away from the bubble that the predicted
plasma properties are not significantly affected by the precise
location of the ground plane. The discharge is initiated and
sustained inside the bubble. Charge is allowed to accumulate at
the bubble—surface consistent with the incident plasma fluxes.
This accumulation of charge is a good approximation if the
dielectric relaxation time of the water is long compared to
the time of propagation of the surface discharge within the
bubble, which is about 10 ns. The conductivity that produces
a dielectric relaxation time of 10ns in water is 0.1 Sm™!,
which is typically a large conductivity compared to tap water.
Secondary electron emission from the water is also taken
into account when ions and photons strike the bubble-liquid
interface. Our study addresses plasma dynamics on the
nanosecond time scale, so deformation of the bubble, which
takes place on microsecond time scales, is not considered.

A two-dimensional unstructured mesh is used for the
numerical grid. The mesh consists of approximately 10000
nodes, of which about 7000 nodes are in the plasma region
inside the bubble and which is where the plasma transport
equations are solved. The volume near the bubble—surface
where the discharge propagates and strikes the water is refined
to have elements with smaller dimensions than the more remote
regions of the mesh. The smallest distances between the nodes
in the gas phase in the centre of the bubble are about 50 pm,
decreasing to less than 5 um near the boundary. The sheath
thickness near the surface of the water is estimated to be about
1020 um so we are nominally resolving the sheath at that
location. Near the electrode, the plasma density is higher
and we are not resolving that sheath. However little optical
emission comes from that location.

The discharge is initiated by seeding a neutral plasma
of 10° cm™ having a radius of 50 um in the vicinity of the
powered electrode. The discharge is then naturally sustained
by the secondary emission from surfaces. The secondary
emission coefficientis 0.15 for ions and 0.001 for photons. The
water surface is initially uncharged. The applied voltage rises
in 0.1 ns to 15kV (or the charging voltage), remains constant
for 15ns, and drops to zero in 1 ns. The plasma computation
then proceeds for 50 ns, which is a long enough time to capture
the characteristics of the discharge while having a reasonable
computation time.

There is a sensitivity on seeding level. If the density is too
low (below the ambipolar limit) then the seed electrons freely
diffuse and you lose them before the discharge can develop.
By increasing the seeding level by a reasonable amount, you
generally do not significantly affect the final outcome other
than by reducing the discharge formation time. For these
conditions, empirically we found 10% cm™ to be a practical
lower limit for the seeding level and 10° cm™ to be a practical
upper limit that does not affect the bubble dynamics.

Table 1. Lennard-Jones radius and binary diffusion coefficient of
H,O in each gas at 1 atm.

Lennard-Jones H, O Diffusion
Radius (A) [16]  coefficient (cm?s™")
H,O0 2.52 0.51
He 2.58 0.66
Ar 342 0.20
N, 3.68 0.23

In experiments by Tachibana [11], atmospheric pressure
bubbles of He, Ar and N, were created in the water at the
tip of the electrode followed by application of high voltage to
create the discharge a few milliseconds later. A positive pulse
of 15kV with a 100 ns rise time was applied with a 5 us pulse
width. The short duration of the pulse prevented arcing. Due
to the short time between creating the bubble and pulsing the
discharge, water vapour is not likely to be uniformly saturating
the gas. To address these conditions, water vapour in the model
is allowed to diffuse into the bubble from the water boundary
where its density is given by the saturated water vapour
pressure at room temperature (27 Torr) [15]. Operationally,
we assume that the bubble is formed at time # = 0 consisting
only of the pure injected gas. Water vapour is then allowed
to diffuse into the bubble for 1 ms prior to applying voltage.
Binary diffusion coefficients, Dj,, for H,O through the fill
gas of the bubbles were estimated using their Lennard-Jones
parameters and modified hard-sphere collisions [16],

My +M, T37?
Di; =0.001858 | ——— ———,
M1M2 palzﬂD

where T is the gas temperature (K), M; and M, are
molecular weights of water and the gas within the bubble,
p (atm) is the total pressure of the binary mixture, oy, is
the Lennard-Jones parameter defined by o1, = 1/2(0 + 02),
Qp is the temperature-dependent collision integral [16]. The
Lennard-Jones parameters used here and the derived diffusion
coefficients are listed in table 1.

Given the computational scale of the two-dimensional
calculation, a reduced reaction mechanism was used for He,
Ar and N, with added H,O, and is shown in table 2. The
reaction mechanism was chosen to be a self-consistent system
that captures the pertinent plasma processes on the <1 us
timescale and neutral processes on longer time scales, while
also being compatible with the increased computational load
of this 2D simulation. Ions which are unique for each gas
fill of the bubble are He*, He}; Ar*, ArJ; and N3, N;. Ions
which occur in all three gas fills are HO*, H*, OH*, O~ and
OH~. Excited states of the rare gases are intended to be lumped
states. He*, He** and He*™ are nominally He(23S), He(2'P)
and He(3’P). Ar* represents the two metastable states of the
Ar(1s) manifold, Ar(1s;) and Ar(1s3). Ar** represents the two
radiative states of the manifold, Ar(1s;) and Ar(lss). Ar***
nominally represents Ar(4p) and higher states. The states N3,
N3* and N3**are nominally N»(A) and N»(B); Na(a'); No(C)
and higher states, respectively. The vibrationally excited states
of N, were lumped into N, (v). The excited states of H and
OH are also taken into account. H*, H**, H** and OH*
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Table 2. He/H,O, Ar/H,O and N,/H,O reaction mechanism.

Reaction Rate Coefficient® Ref.
He Reactions

e+He — He+e b [18]
e+He < He* +e b,c [19]
e+He < He™ +e b,c [19]
e +He < He"™ +e b,c [19]
e+He" < He™ +e b,c [19]
e +He* < He™ +e b,c [19]
e+ He™ <> He™ +e b,c [19]
e+He — Het +e+e b [20]
e+He* — Het+e+e b [21]
e+He* — He* +e+e b [21]
e+He™ — He* +e+e b [21]
e + Het* — He* 6.76 x 107137703 [22]
e+e+He' — He* +e 6.2 x 1077 T *4cmfs™! [22]
e+ He + He* — He* + He 6.6 x 107372 cm®s™! [23]
e+He;r — He* + He 7.12 x 1071 (Te/Tg)_"5 [18]
e + He + He] — He} + He 1.5 x 1077 cm®s~! [18]
e+ He + He; — He* + He + He 3.5x 1077 cm®s™! [18]
e+e+Hel — Hej+e 1.2 x 107 cmS 57! [18]
e+e+Hel — He* +He+e 2.8 x 1072 cm®s! [18]
e+He; > He+He+e 3.8x 107 [18]
(He*, He**, He***) + (He*, He**, He***) 5 x 10710795 [18]d,e

— He +He' +e

He' + He — He + He™" 6 x 10710793 [24]
He* + He + He — He + He}} 1.41 x 107317 % emS st [25]
(He*, He**, He***) + He + He — He + He; 1.6 x 10732 cm®s™! [18]d,e
Ar Reactions

e+Ar —> Ar+e b [26]
e+Ar < Arf+e b,c [26]
e+Ar < Ar +e b,c [26]
e+Ar < Ar'™ +e b,c [26]
e+Ar* < Ar +e b,c [26]
e+Ar* < Ar'™ +e b,c [27]
e+Ar™ < Ar* +e b,c [27]
e+Ar > Arf +e+e b [20]
e+Ar* — Arf+e+e b [28]
e+ Ar” - Art +e+e b 28]
e+Ar'"™ — Ar* +e+e b [21]
e+ Art — Ar™* 4 x 10718371,795 [29]
e+e+Art > Ar'* +e 5x 1077745 cm®s~! [29]
e+Ar; — Arl +e+e 9 x 108197 [30]
e+Ar; > Ar+Ar+e 1 x 1077 [30]
e+ Ar; > Ar'™* + Ar 5.38 x 107877066 [30]
(Ar*, Ar**, Ar™) + (Ar*, Ar™, Ar*™) 5 x 10710793 [30]d.e

— Ar+Art +e

Ar* + Ar — Ar + Ar* 5.66 x 10719793 [24]
Ar* + Ar + Ar — Ar + Ar} 141 x 10737 %5 ecm® s~ [30]
(Ar*, Ar™, Ar'™*) + Ar + At — Ar + Ar} 1.14 x 1072 cm®s~! [30]d,e
N, Reactions

e+N, > Nr+e b [31]
e+N, & Nj+e b,c [31]
e+Ny & NJ*+e b,c [31]
e+N, &« NJ* +e b,c [31]
e+N; < Ni* +e b,c [31]
e+ N} <& NJ* +e b,c [31]
e+N* & NJ* +e b,c [31]

e+N, > Nj+e+e b [31]
e+N; > Nj+e+e b [31]
e+N* - Ny +e+e b [31]
e+N*™ — Nj+e+e b [31]
e+N, > N+N+e b [32]
e+ N, < No(v) +e b [31]f
e+ Ny(v) = Np(v) +e b [31]f

©
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e+Ny(v) < Nj+e

e+Ny(v) > Nj+e+e
e+N—> N+e
e+N < N*+e

e+N—> Nt+e+e

e+N* > Nt+e+e
e+Nj - N*+N
e+NI—>N2+N2

N*+N2 — N+N2

N§+N2 — Ny + N,

N;*+N2 — N, + N,

N3*+N2 — N, + N,
N3**+ N, — N3 + N,

N3 +N; — N + N3*
NZ(U)+N2 — N, + N,
Nz(U)+N—>N2+N

N3 +Nj — Nj +e

N3 +N3* — Nj +e

N3 + N3** — Nj +e
N*+N — N+N*

N} +N — N, +N*

N} +N* — N, +N*
N;+N, + N, — N, + N}
NZ+N2 — N2+N2+N;
H,O, OH, H Reactions

e+ H,O - H,O+e

e+ H,0 — H,O(vl,2;v3,4)+e
e+H,0 — H,O"+e+e
e+H,O - O™ +H,
e+H,0— OH +H
e+H,O— OH+H+e
e+H,O — OH+H*+e
e+H,O — OH+H" +e
e+H,O - OH+H"* +e
e+H,O— OH*+H+e

e+ H,0' — OH+H
e+H—>H+e
e+H <« H*+e
e+H < H* +e
e+H < H** +e

e+H* < H" +e

e+H* < H"* +e

e+ H"* <& H" +e

e+OH — OH" +¢

e+OH" - O+H+e
H20++H20 — H20+H20+
(H*, H**, H**) + H,O — H + H,0O
(H*, H***) + H,O0 — H* + H,O
H** + H,O — H* + H,0
OH* + H,O0 — OH + H,0

OH +H —> H,O+e

(OH, OH*) + H — H,0

(OH, OH") + (OH, OH*) + M — H,0, + M
H2+H02 — HzOz +H
HO, + HO, — H,0, + O,
H02+H02+M—>H202+02+M
H02+H20 — HzOz + OH

H + H,0, — HO, + H,
H+H202 — OH+H20
02+H202 — HOZ +H02
O+H202 — H02+OH
O*+H202 —> 02+H20
OH + H,0, — HO, + H,0
H,0, — OH + OH

(H, H*, H**, H***) + H,O, — OH + H,O
OH +OH"+M — H,0, + M

b,c

b

b

b,c

b

b

2 x 1077705
2 x 1077705
2.4 x 10714

1 x 107!

1x 107"

1 x 1071

1 x 1071

1 x 10710

1 x 10"

1 x 1011
5x 1071

5x 1071

2 x 10710

5 x 10712
5x 10712

1 x 10710

6.8 x 107714 cmP s~!
9.35 x 10~ TS

€

b,c

2.7 x 10710793

1.5 x 107779 exp(—3.9/T,)
5.1 x 1071

9.1 x 107

9.1 x 107

9.1 x 10~°

9.1 x107°

1.8 x107°

6.87 x 10312

6.9 x 10731 7,798 cm® =1

5 x 107" exp(—T,/11310)
8.05 x 101171

1.9 x 107* exp(980/T,) cm® s~
4.65 x 107" exp(—11647/ T,)
8 x 10~ exp(—4000/ T1y)

4 x 107" exp(—2000/ T,)

9 x 107 exp(—19965/ T,)

1.4 x 1072 exp(—2000/ T)
5.2 x 10710

2.9 x 1072 exp(—160/ T,)
1.96 x 10797 86 exp(—26800/T,) s~
4 x 107" exp(—2000/T)

2x 10757,25 cmbs7!

[31]f
[31]f
[33]
[34]
[35]
[34]
[36]
[361d
[37]
[38]
(38]d
[38]d
[38]d
[39]
[38]d.f
[38]d,f
[40]
[40]d
[40]
[41]d
[41]
[41]
[41]
[41]

[42]
[42]g
[42]
[42]
[42]
[42]
[42]
[42]
[42]
[42]
[43]
[44]
[45]
[45]
[45]
[45]
[45]
[45]
[46]
[47]
[411d
[481d,e
[48]d,e
[481d
[481d
[491d
[501d,e
[50]e.j
[50]
[50]
[50]d,j
[50]
[50]
[50]
[50]
[50]
[50]
[50]
[50]
[511d,e
h,j
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(Continued).
Reaction Rate Coefficient® Ref.
OH +H*+M — H,0+ M 2x 1075725 cm®s™!  hj
OH +H,0*+M - OH+H, 0+ M 2x 1075725 cmbs™!  hj
O +OH'+M — HO, + M 2x 1075725 cmbs™!  hj
O +H"+M — OH+M 2x 1075725 cmbs™!  hj
O +H,0'+M - O+H,0+ M 2x 1075725 cmbs™!  hyj
0 +0— O, +¢ 5% 10710 [40]
Excitation and charge transfer
He* + H,0 — He + H,0* 6.05 x 101 [52]
He" + H,O — He + H + OH* 2.86 x 10710 [52]
He} + H,O — He + He + H,0* 6.05 x 10~ [521d
He? + H,O — He + He + H+ OH* 2.86 x 10710 [52]d
(He*, He**, He***) + H,O — He + H,O" + ¢ 6.6 x 10710 [52]d,e
(He*, He**, He***) + H,O — He + OH + H* + ¢ 2.6 x 10711 [52]d.e
(He*, He™, He™*) + H,O — He + OH* + H* + ¢ 2.6 x 1071 [52]1d,e
(He*, He**, He***) + H,O0 — He + H+ OH" +¢ 1.5 x 10710 [52]1d,e
(He*, He™, He*™*) + H,O — He + OH + H 1.5 x 10710 [53]d,e
(He*, He™, He**) + H,O — He + OH* + H 1.5 x 10-10 [53]d.e
(He*, He™, He**) + H,O — He + OH + H* 1.5 x 10-10 [53]d.e
(He*, He™, He**) + H,O — He + OH + H** 1.5 % 10-10 [53]d.e
(He*, He**, He***) + H,O — He + OH + H*** 1.5 x 10710 [53]d.e
Hej + H,O — He + He + H,0* +e¢ 6.6 x 10710 [52]
He} + H,O — He + He + (OH, OH*) + H* + e 2.6 x 10711 [521d.e
He; + H,O — He+He + H+ OH" +e¢ 1.5 x 10710 [52]
He; + H,O — He + He + H,O" +¢ 6.6 x 10710 [53]
He; + H,O — He + He + OH + (H, H*, H™, H**) 1.5 x 10710 [53]d,e
He} + H,O — He + He + OH* + H 1.5 x 10710 [53]d
He*+O"+M —> He+ O+ M 2x 1075725 cm®s™  hj
He; +O"+M — He+He + O+ M 2x 107572 embs™!  hj
He*+OH + M — He + OH+ M 2x 1075725 cm®s™!  hj
He} +OH™ + M — He + He + OH + M 2x 1075725 cmbs™!  hjj
Art + H,0 — Ar+ H,0* 1.5 x 10710 [41]
Ar; + H,O — Ar + Ar + H,0* 1.5 x 10710 [411d
(Ar*, Ar™, Ar"™) + H,O — Ar+ OH + H 4.8 x 10710 [54]d,e
(Ar*, Ar™, Ar"™) + H,0 — Ar+ OH* + H 4.8 x 10710 [54]d,e
Ar + H,0 — Ar + Ar + (OH, OH") + H 4.8 x 10710 [54]d.e
Arf+0" + (M) - Ar+ (M) + 0O 2x 10753725 embs™!  hj
A +0” + (M) > Ar+Ar+ (M) +0 2x 1075725 cm®s™!  hj
Ar* +OH™ + (M) — Ar+ (M) + OH 2x 1075725 cmbs™!  hj
Ar} +OH™ + (M) — Ar + Ar + (M) + OH 2x 1075725 cmbs™!  hj
N! +H,0 — N, + H,0" 2.4 %107 [41]
N*+H,0 — N + H,O* 2.4 x107° [41]d
N}+H20 — N, + N, + H,O* 2 x 10710 [41]
Ni+O " +M —> N, +0O+ M 2x 1075725 cmbs™!  hj
Ni+O " +M —> N+ N, + O+ M 2x 1075725 cmbs™!  hj
N! +OH™ + M — N, + OH + M 2% 1057 >Sem®s™' hyj
N;+OH +M — N, + N, + OH + M 2x 1075725 cm®s™  hj
(N3, N5*) + H,0 — N, + OH + H 4.5 % 10710 [55]d.e
N;* + H,0 — N, + OH* +H 45 % 10710 [55]d
Radiative Transitions
He** — He 5.7 x 10*s7! [50]i
He*** — He* 9.5 x 10°s~! [50]
He* — He* 1.0 x 107 s7! [50]
He; — He + He 1x107s7! [56]
Ar™* — Ar* 3.3 x 107s7! [50]
Ar*™* — Ar 3.1x10°s7! [50]i
Ar** — Ar 53 x 10°s7! [50]i
Ar; — Ar+ Ar 6 x 107s7! [30]
N — N, 2 x 105! [50]i
N3* — N 3% 107! [41]d
N3* — N3 2 x 10°~! [50]d
N* > N 6 x 107s7! [50]
H* > H 47 % 108 5! [50]
H* - H 5.6 x 107 s7! [50]
H* — H* 4.4 x107s7! [50]
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H** — H* 8.4 x 100s~! [50]
OH* — OH 1.3 x 106s~! [57]
Photoionization

h +H,0 — H,0" +¢ 1 x 1077 cm? [14]d

a Rate coefficients have unit of cm® s~! unless noted otherwise. Electron temperature 7T is
ineV. Gas temperature 7, is in K. T} is the normalized gas temperature, (7,/300).

® Rate coefficient was obtained by solving Boltzmann’s equation for the electron energy
distribution. Cross sections for the process are from the indicated reference.

¢ Cross section and rate coefficient obtained by detailed balance.

4 Approximated by analogy.

¢ Reactants and products in parenthesis denote the same rate coefficient was used for all species.
f Electron impact excitation into vibrational states 1-8 was lumped into a single vibrational

state N, (v).

¢ Electron energy loss in exciting H,O to vibrational states was included in calculation of the
electron energy distribution, however H,O(v) was not explicitly followed as an excited state in

the model.

T‘ Charge neutralization reactions estimated independent of 3rd body.
! The radiation trapping factor is estimated to be 103~10* for UV and VUV emission.

J1‘4 = HC, AI', N2, HQO

are nominally H(n = 2), Hn = 3), H(n = 4) and OH(A),
respectively.

At atmospheric pressure, the collision frequency is
sufficiently high that excitation transfer from excited states
of He, Ar and N, to H,O can be an important (and perhaps
a dominant) method to produce excited states of H and OH.
The experiments [11] measured total optical emission and
selectively, using filters, optical emission from the OH(A-X)
transition at 306 nm and the H(n=3-2) transition, H,, at
656nm. Electron impact dissociative excitation of H,O
producing of OH(A) requires at least 9.0 eV. The dissociative
excitation of H,O producing H(n = 2), H(n = 3), H(n = 4)
requires 15.4eV, 18.5eV and 19.3 eV, respectively. Given the
lower threshold for producing OH(A), excitation transfer to
H,O from any excited state of He and Ar can produce OH(A).
The rate coefficients for these excitation transfer reactions are
nearly gas kinetic. Excitation transfer from excited states of N,
occurs only for N»(C) and higher states, which are likely not
to be heavily populated. Excitation transfer to H,O resulting
in H, radiation requires as a product H(n = 3), or 18.5eV
of energy. Only He excited states have sufficient energy to
do so by collisional transfer, and so H, radiation observed
from bubbles in Ar and N, must proceed through electron
impact dissociative excitation of H,O or direct electron impact
excitation of H atoms.

We assumed that all ions neutralize on solid surfaces and
return to the gas phase as their neutral counterparts, and that
excited species return as their ground states. As a result,
charges accumulate on non-conducting surfaces. At water
surfaces, ions and neutral radicals naturally solvate with some
probability and remain in the water. As an extreme case, we
assumed that the water surface is absorbing for neutral radicals
and ions with charge accumulating at the surface.

Tachibana [11] reported on spatially dependent total
optical emission and H,, emission at 656.3 nm. The former was
obtained with a digital camera without a filter with exposure
over the entire discharge period. For the latter, emission was
observed through a band-pass filter centred at 658 nm with a
10 nm bandwidth. Time and spatially integrated emission was
also reported for H, and OH(A-X). In our model, the total

H,O in Ar

Water Vapor Pressure

Min

- I \ax

Figure 2. The density of water vapour inside the bubble after 1 ms.
The density of the saturated water vapour at the water boundary is
3% of the injected gases at 300 K. The contours are plotted on a log
scale over three decades.

emission for each gas mixture was synthesized by integrating
over time the density of excited species emitting in the visible
weighted by their corresponding Einstein A coefficients. For
H,, emission, we computed the intensity by integrating over
time the density of H(n = 3) weighted by its corresponding
Einstein A coefficient. The images taken in the experiment
were the projection of the emission from the spherical bubble,
which included contributions from individual streamers at
different azimuthal locations. Our simulation is cylindrically
symmetric and so a 1-to-1 correspondence with experimental
images is not directly possible. However, the comparison
of computed trends with experiment provides insights to the
location of formation of excited states.

3. Plasmas in He, Ar and N, in bubbles in water

Water vapour densities in the He, Ar and N, bubbles at the
time the voltage is applied, approximately 1 ms after bubble
formation, are shown in figure 2. [H,0] is 5.8 x 107 cm™3
at the boundary of the bubble in each case, given by the room
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temperature vapour pressure of water, 27 Torr. With the larger
diffusion coefficient of H,O in He, [H,0] is 4 x 10 cm™3
in the centre of the bubble, about a factor of two larger than
the density of H,O in the centre of the Ar and N, bubbles.
These differences in the distribution of water vapour impact
the production of H and OH.

The time evolutions of electron density, n., electron
temperature, T, and E/N (electric field/gas number density)
during the discharge are shown in figure 3 for PBW in He, Ar
and N, for a step function in voltage to positive 15kV. The
discharge forms and propagates in the bubble within 10 ns.
The discharge starts at the tip of the powered electrode where
the initial electrons are seeded, likely by emission from either
the electrode or the water. The electric field is refracted
towards the gas—water interface due to the curvature of bubble
boundary and different dielectric constants between the gas and
water, which also produces electric field enhancement [10].
Therefore, once the discharge begins, it is directed along the
interface of the gas and water, as observed in the experiments
of Tachibana [11] and others [8]. Charge accumulating on
the surface of the interface then provides the functionality of
a dielectric barrier discharge. The propagation of the surface
streamer is sustained by electric field enhancement at the head
of the streamer, producing maximum E /N of 4000-7000 Td
(1Td = 1077 Vem?). This space charge produced electric
field enhancement is in addition to the natural enhancement
due to the curvature and gradient in dielectric constant, and
produces T, of 8—10eV in Ar and N», and up to 35eV in He at
the leading edge of the surface hugging ionization wave. He
has the largest threshold energies for electron impact excitation
and ionization but with smaller cross sections, so electrons can
maintain a large 7 in these large £/N. Once the discharge
propagates across the inner surface of the bubble, the deposited
surface charge screens out the electric field into the water
at which time the 7, and ionization rates decrease. Surface
hugging discharges also occur in pure, dry gases and are not
necessarily correlated to the higher H,O vapour density near
the interface.

The peak electron density occurs in the vicinity of the
electrode where electric field enhancement is the largest. The
maximum electron densities in He and Ar are comparable,
(1-2) x 10'cm™3, due in large part to step-wise ionization,
though this is a less important factor in He since the excitation
threshold is fractionally closer to the ionization threshold in
He. The electron density in the N, bubble is about an order
of magnitude smaller, a consequence of the shorter energy
relaxation distance which deposits proportionately more power
in non-ionizing modes (i.e. vibrational excitation). Note that
the surface discharge circumnavigates the inner surface of the
bubble in He and Ar within 1ns, more quickly in He. The
surface hugging ionization wave stalls before reaching the
opposite pole in N,.

The synthesized, time integrated total optical emission and
H, (656.3 nm) emission from the He, Ar and N, bubbles are
compared to experiments [11] in figure 4. The total intensity is
dominated by emission from excited states of the injected gases
rather than emission from the water vapour. In the experiments,
the He discharge appears to have stronger emission at the

jﬂ)“ 5x10'

1%10"7

Electron Density (cm™)

E/N (kTd)

2.2

4
Y

Electron Temperature (eV)
>

(c) t(ns) 0.3 0.5
Min I DR R Max

Figure 3. Time evolution of plasma properties for discharges in He,
Ar and N, bubbles. (a) Electron density, (b) E/N and (c) electron
temperature. The discharges are surface hugging where the electric
field enhancement is the largest. The contours are plotted on a log
scale over three decades with maximum values for n. shown in each
frame.

interface and to be weaker at the centre of the bubble. (Recall
that the experiments are plane views of emission through the
bubble and so the emission from the centre of the bubble
actually contains contributions from the surface facing the
observer.) The total emission in the Ar discharge appears
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Figure 4. Time integrated emission intensity from discharges
sustained in He, Ar and N, bubbles: (a) total visible emission,
(b) H,, (656.3 nm) and (c) OH(A-X) (306.4 nm) The top row for
total and H, emission are images from the experiments [11]. The
contours are plotted on a 3-decade log scale with the maximum
values noted in each frame.

more uniform than from He but closer analysis suggests that
the emission results from the contributions of many surface
filaments, and not necessarily from the volume. Very clear
filamentary discharge structures are observed at the surface

in the N, bubble with little optical emission from the centre
of the bubble. It appears that most of the surface discharges
in the N, bubble do not circumnavigate the bubble whereas
the surface discharges do circumnavigate the bubbles in He
and Ar.

These experimental trends for total emission are captured
by the synthesized emission from the model. The predicted
total emission is most uniform in the He bubble and most
filamentary in the N, bubble. The emission along the surface
of the gas—water interface is significantly more intense in the
Ar bubble whereas the emission is weaker but deeper into the
bubble for the He discharge, observations which correlate with
the experiments. The total emission clearly circumnavigates
the bubbles in He and Ar, and does not circumnavigate the
bubble in N;. The total optical emission weakly correlates
with the distribution of H,O vapour.

The experimental H,, emission intensities are significantly
more confined to the surface of the bubble with contributions
from individual surface streamers clearly seen in figure 4(b).
The emission intensities are strongest from the PBW in He,
weaker for Ar, and near the detection limit in the N, bubble.
These trends are well reproduced by the synthesized H,
emission predicted by the model. In the computed results,
the H, emission is more volumetric from the He bubble, while
the emission is confined along the interface for the Ar or N,
bubbles. Since H, emission comes from dissociative excitation
of water vapour and excitation of its dissociation fragments,
the distribution of water vapour directly contributes to the
spatial distribution of the H, emission. The more intense
emission and somewhat more uniform emission from the He
bubble has at least two sources—the H,O vapour has diffused
deeper into the bubble and 7 is larger, which more efficiently
produces dissociative excitation of the H,O. The more confined
and weaker emission from PBW in N, results from the
more concentrated water vapour near the boundary and the
lower Ts.

The synthesized OH(A—X) emission is also shown in
figure 4(c). The OH(A-X) emission follows the same trends
as H, emission—deeper into the bubble in the case of He and
more confined along the interface for Ar and N,. This is an
expected result as the OH(A—X) emission similar to the Hy,
emission, ultimately originates from dissociative excitation of
water vapour. However the OH(A—X) emission in Ar and N,
bubble are stronger than H,. The reason will be discussed
below.

The distribution of plasma and optical emission are in
part explained by the electron energy relaxation lengths, A,
shown in figure 5 for 1atm. These values were computed
from stationary solutions of Boltzmann’s equation using a
2-term spherical harmonic expansion for gases with different
concentrations of water vapour [17]. The X, for pure water
vapour is shown in each plot as a reference. The A. for pure
gases decreases with increasing electron energy as inelastic
collisions begin to dominate. A. for He is about 2 mm below 5—
6 eV and decreases to 0.1 mm as the electron energy increases
to 10eV. The bubble is 2 mm in diameter. In Ar, A is larger
than 10 mm below 4 eV and quickly decreases to 0.01 mm at
8eV. N, and H,O have small A , about 0.01 mm, except in the
purely elastic regime at 7, < 0.1eV.
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Figure 5. Electron energy relaxation length, A., in He, Ar and N, at
1 atm with different water vapour concentrations. (a) 0%, (b) 3%,
(c) 30%. Small amounts of water vapour significantly lower A. in
He and Ar. The dotted line shows X in pure water for reference.

A for gases with 3% water vapour, as shown in figure 5(b),
represents the conditions for our PBW discharges near the
water surface. A, in He and Ar has a significant drop at
T. < 4-5eV whereas A. is not significantly affected in N;
above 0.5 eV. For the computed range of T, A, for N, is always
much smaller than the size of the bubble, so that energetic
electrons are confined to the boundary of the bubble where they
are accelerated by the large E /N near the interface. In Ar, A
drops to the thickness of the water layer as 7, increases above
4 eV. However electrons which scatter out of the dense water
layer will have proportionally longer A, in the portion of the
bubble that has less water vapour. This length approaches the
size of the bubble in the purer gas. A similar trend occurs in He
though X, is longer at higher 7, than in Ar, thereby enabling
somewhat more uniform rates of excitation, as observed in
the plasma density and optical emission. The differences in
M. diminish for gas mixtures with higher fractions of H,O as
electron energy losses are dominated by the water, as shown
in figure 5(c).
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Figure 6. Optical emission properties from discharges in bubbles.
(a) Relative intensities of H, (656.3 nm) and OH(A-X) (306.4 nm)
emission from discharges sustained in bubbles of He, Ar and N; in
water. Predictions from the model (solid) are compared to
experiments (hashed). The intensities are normalized to the H,
emission intensity in He. (b) Fractional contributions of direct
electron impact, dissociative electron impact and excitation transfer
to formation of emitting states.

The relative volume-averaged, time integrated intensities
of optical emission from excited hydrogen atoms, H,
(656.3nm), and from OH(A-X) (306.4nm) are shown in
figure 6(a). These values were obtained from the model by
performing a volume and time integral of the excited densities
weighted by their spontaneous emission coefficients. The
model was normalized to the experiment for H, emission from
the PBW in He. Both the model and the experiments show the
trend that the emission from both species is most intense from
PBW in He bubbles and least intense from N, bubbles. The
H,, emission from the He bubble is significantly more intense
than emission from the Ar bubble (a factor of 5), which in turn
is more intense than from the N, bubble (another factor of 5).
The OH(A-X) emission is overall less intense, and scales on
a relative basis similarly to the H, emission, with a factor of 2
decrease from He to Ar, and from Ar to N».

The production of H(n = 3) and OH(A) comes through
at least three channels—direct electron impact excitation
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Table 3. Dissociative excitation reactions by electron impact and excitation transfer.

Electron impact direct excitation
e+H(mn =1) - Hn =3) +e(12.04eV)

Electron impact dissociative excitation
e+H,O — H(n =3)+ OH +¢(18.3¢eV)

Excitation transfer

He*(19.8eV) + H,O — H(n = 3) + OH + He

e+ OH(X) — OH(A) +e(4.04eV)
e+H,0 — H+OH(A) +e(9eV)

He*(19.8eV) + H,O — H + OH(A) + He
Ar*(11.6eV) + H,O — H+ OH(A) + Ar
Ni(11.0eV) + H,O — H+ OH(A) + N,

Note: * The lowest excited state that is able to excitation transfer.

of ground state H(n 1) and OH(X), electron impact
dissociative excitation of H,O, and excitation transfer from
excited electronic states of He, Ar or N, to H,O. These
processes are shown in table 3 with their respective threshold
energies. The relative contributions of these three channels
that produce H(n = 3) and OH(A) are shown in figure 6(b).
Excitation transfer to H,O strongly dominates the production
of OH(A) in Ar and N, discharges, and is nominally the highest
contributor in He plasmas. The trend is nearly the reverse for
excitation of H(n = 3)—direct electron impact excitation of
ground state H dominates in Ar and N, discharges whereas
excitation transfer dominates in He discharges. The H,, line
is more intense in He discharges than in Ar or N, discharges
in part due to excitation transfer from excited states of He to
H,O0, which dissociates the water and produces H(n 3).
Excited states of Ar or N, are not energetic enough to produce
such emission. Excited states of He, Ar and N, can all
excitation transfer to H,O to produce OH(A), and so the
emission intensities are more nearly equal.

The average densities of the ground states H(n 1)
and OH(X) are in the range 10'°~10'* cm~3, while the peak
depletion of H,O is only about 10% near the powered electrode.
This density of ground state H and OH enables significant
opportunity for direct electron impact excitation. The electron
impact dissociative excitation of H,O to produce H(n = 3) has
a higher threshold energy than direct excitation of the ground
state. In turn, the rate coefficient for direct excitation is larger
than that for dissociative excitation of H,O for the entire range
of T, in the plasma. As a result, the direct electron impact
excitation of H(n = 1) contributes more to the optical emission
than dissociative excitation in the Ar and N, discharges. In He
discharges, excitation transfer dominates.

The time and spatially integrated relative emission
intensities for H, and OH(A-X) as a function of applied
voltage, are shown in shown in figure 7. (The discharge cannot
be sustained in N, bubbles for voltages less than 15kV.) The
relative increase of optical emission with increasing voltage
is smallest for discharges in He bubbles and greatest for
discharges in N, bubbles. T increases with applied voltage in
the surface hugging ionization wave but is relatively constant
in the plasma column behind the ionization wave while current
flows to charge the capacitance of the surface of the bubble.
The increase in emission is largely due to the longer current
pulse at nearly constant 7. required to charge the bubble
capacitance as the voltage increases.

Production of H(n 3) is dominated by excitation
transfer in He discharges. In Ar and N, discharges, production
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Figure 7. Time and spatially integrated intensities of (a) H,

(656.3 nm) and (b) OH(A-X) (306.4 nm) with different applied
voltages. The intensities are normalized to the H, emission intensity
and OH(A-X) emission intensity in He discharge at 15kV.

of Hm = 3) is dominated by direct electron impact of H
atoms following dissociative excitation transfer to H,O. The
accumulation of H(n = 1) during the longer current pulse in Ar
and N, discharges enables proportionately larger H, emission
due to the accumulation of the ground state species. Similar
trends apply for OH emission where the accumulation of
OH(X) enables direct electron impact excitation of OH(A). At
the time of the discharge in Ar and N, bubbles, the water vapour
is most dense near the boundary and is more confined than in
the He bubbles. The discharges in Ar and N, bubbles also
occur closer to the boundary. The disproportionate increase
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Figure 8. OH and H, O, fluences to the bubble—water interface over
a period of 1.0 s for a discharge voltage of 15kV.

in OH(A-X) emission that occurs in in Ar and N, discharges
may partly result from the discharge preferentially occurring
through the more dense H,O vapour layer at the surface of the
bubble.

One of the applications of plasmas in bubbles is to purify
water. This purification results, in part, from the diffusion
of reactive oxygen species (ROS) created in the bubble into
the water. To estimate the possible effectiveness of these
processes, the fluxes of OH and H,O, onto the water surface
were integrated as a function of time for 1 s after the discharge
pulse to provide fluences (cm~2). These fluences are shown
in figure 8 for a discharge voltage of 15kV as a function of
position along the gas—water interface from the electrode to
the top of the bubble Since energy deposition is largest near
the electrode, the fluences are highest at the bottom of the
bubble decreases along the surface to the top of the bubble.
OH is produced by dissociation of H,O (by electron impact
or excitation transfer) and its density exceeds that of H,O,
during the short discharge pulse. However, after the discharge
pulse, OH is consumed by its mutual reaction in the gas phase
in formation of H,O, resulting in the H,O, fluences generally
being one-order of magnitude larger than the OH fluences.
The largest H,O, fluences are produced by discharges He
bubbles, in large part because the electron temperature is
the highest which then produces the highest rates of H,O
dissociation. Discharges in N, bubbles generally produce the
smallest fluences of H,O, due to the disproportionate amount
of power spent in non-dissociative modes.

Virtually all of the positive ions striking the surface of the
water undergo charge exchange with liquid H,O to produce
H,0" which then quickly charge exchanges to make H;0O*
and OH. The H;3O" acidifies the water and the OH dominantly
forms H,O,. Although these sources are important in many
circumstances, for our conditions the fluences of charged
species onto the surface of the water are lower than those for
neutral species by about a factor of 103

4. Concluding remarks

The properties of pulsed discharges in He, Ar and N,
bubbles in water were computationally investigated and the
results are compared to experiments [11]. The discharges
typically propagate along the surface of the where the gradient
in dielectric constant is largest, producing electric field
enhancement. The diffusion of water vapour into the bubble
requires a finite time and so the gas adjacent to the gas—
water interface has a higher density of H,O than in the
interior, which is coincidentally where the discharge also
propagates. The optical emission from the bubbles reflects
these discharge patterns, being more uniform in the He filled
bubble where electron energy relaxation lengths are longer,
and more confined along the interface for N, bubbles where
the energy relaxation length is smallest. Total optical emission
is more volumetrically distributed (though heavily weighted
towards the boundary), while H, and OH(A—-X) emissions are
generally confined to the surface where both the H,O vapour
density and electron temperature are largest. The formation
of OH(A) is dominated by dissociative excitation transfer to
H,O from excited states of He, Ar and N,. The formation of
H(n = 3) is dominated by electron impact excitation of ground
state H in Ar an N, discharges, and dissociative excitation
transfer to H,O in He discharges. For otherwise the same
conditions the emission of intensities and ROS fluences to the
bubble—water surface are largest in He bubbles. These results
suggest that some degree of optimization or customization of
radical production from PBW is possible by choice of the gas
forming the bubble.
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