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Main Species and Physicochemical Processes in
Cold Atmospheric-pressure HeRO2 Plasmas
Ding-Xin Liu, Ming-Zhe Rong, Xiao-Hua Wang, Felipe Iza,* Michael G. Kong,
Peter Bruggeman
The main species and chemical processes in low-temperature atmospheric-pressure HeþO2

plasmas are identified using a comprehensive globalmodel. The simulation results highlight the
significance of Penning processes at low oxygen concentration, and the increasingly important
role of electron attachment as the oxygen concentration
increases. With increasing the oxygen concentration,
the electron energy dissipation shifts from elastic col-
lisions with He to dissociative excitation and attach-
ment of O2 molecules, and large ions (Oþ

3 , O
þ
4 ) become

the dominant charged species. Generation and loss of
ROS (O, O(1D), O(1S), O2(a

1Dg), O2(b
1Pþ

g ), O3) relevant for
biomedical applications are discussed.
Introduction

Thanks to their low cost and easy implementation,

atmospheric pressure plasmas have potential advantages

over their low-pressure counterparts for a myriad of

applications, such as plasma medicine,[1,2] air purifica-

tion,[3,4] sterilization,[5,6] surface modification,[7,8] and

water treatment.[9,10] Various plasma chemistries have

been investigated inrecentyears, andamongthem,HeþO2

has received large attention. HeþO2 plasmas combine the

high thermal conductivity of He that helps keeping the gas

temperature close to room temperature, with the oxidative

power of oxygen-derived species (e.g. atomic oxygen and
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ozone). Therefore, HeþO2 discharges provide a low-

temperature reactive environment well suited for the

oxidative treatment of temperature-sensitive surfaces,

such as biological materials.[1,11] Oxygen containing

plasmas have been extensively studied for decades and

they have enabled advances in material processing,[12]

environmental applications,[13] and discharge lasers.[14,15]

Low-temperature atmospheric-pressure HeþO2 plasmas

explored in the emerging field of plasma medicine,

however, have attracted attention only in recent years,

and their physics and chemistry remain to be fully

unraveled. A better understanding of the physicochemical

properties of these discharges would benefit further

developments in this fast developing field.[1,2]

In this contribution, we report on a globalmodel of a low-

temperature atmospheric-pressure diffuse HeþO2 glow

discharge aimed at unraveling the chemistry at play in

this kind of plasmas. Themodel extends thework of existing

low-pressureglobalmodels,[16,17]andincorporates reactions,

such as three body collisions that become important at

atmospheric pressure. Themodel also extends the chemistry

model of an atmospheric pressure HeþO2 plasma

proposed by Park et al.[18,19] and within the simplicity of a

zero dimensional model it also makes a more realistic

approximation accounting for quasineutrality in the bulk
library.com DOI: 10.1002/ppap.201000049
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plasma, collisionality in the sheaths, energy flux to the

electrodes, energy loss in elastic collisions (a dominant

energydissipationmechanismatatmospheric pressure) and

relaxes the assumption of a Maxwellian electron energy

distribution. The model includes 21 species and 267

reactions, and, based on the analysis of the simulation

results, main species and reactions are selected to create

simplified models that are able to capture the main

physicochemical processes in the discharge, but with

reduced numerical complexity. It is noted that, although

the full model is able to address both active plasmas and

afterglows, the simplified models given here are valid only

for studying the active plasma region. Afterglows of

atmospheric pressure discharges often take place in open

air,andthereforethechemistryisnot longerlimitedtothatof

the feed gas, and different physicochemical processes will

take place. HeþO2 plasmas are found to undergo mode

transitionsastheoxygenconcentration increases.Asaresult,

3 simplified models are created to model the discharge in

different oxygen concentration regimes. While 13 species

and24 reactions are sufficient to capture themainchemistry

ofthedischargewhentheoxygenconcentrationisbetween1

and 10 parts per million (ppm), 17 species and 41 reactions

are needed when the oxygen concentration is between 10

and 5 000ppm, and 15 species and 50 reactions when the

oxygenconcentration isbetween0.5%and10%.Theaccuracy

of the simplified models is quantified by comparing

simulation results of the simplified models against the

model that incorporates the 267 reactions. The robustness of

the simplifiedmodels to changes in the discharge geometry,

gas temperature, and input power is also assessed, and it is

found that the simplified models reduce the number of

reactions by a factor of 5� 11, while providing results that

remainwithina20%oftheresultsobtainedwith thedetailed

model. Therefore, the simplified models provide a valuable

subset of reactions that can be incorporated in simulations,

where computational cost prevents the use of complex

chemistry models.

The manuscript is structured as follows. First, a descrip-

tion of the global model is given, followed by simulation

results as a functionof theoxygen concentration in the feed

gas. Simplified models are introduced next and their

accuracy assessed. And finally, the main physicochemical

processes in HeþO2 atmospheric pressure discharges and

the generation of reactive oxygen species are analyzed.
Figure 1. Schematic of the plasma set up use in this study.
The Global Model

Global models have been widely used for analyzing the

chemistry at play in low-temperature plasmas.[12,18–20] In

this kindofmodels, the spatial derivatives in theplasmaare

neglected (i.e. global models are volume-averagedmodels),

and therefore the computational load is dramatically
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reduced. This allows complex chemistry models with a

large number of species and reactions to be studied. The

schematic diagram of the HeþO2 discharge studied in this

work is illustrated in Figure 1. It consists of two circular

electrodes with radius r¼ 1cm, separated by a gap

g¼ 0.1cm. The plasma is RF excited with an average power

density of 40W � cm�3. Theneutral gas temperature is set to

remainat roomtemperature (300K), and thegasflowrate is

100 sccm. Throughout the paper, these parameters are kept

constant unless indicated otherwise. It is noted that these

conditions are similar to the ones used in the experimental

work of Liu et al.[21] In order to investigate the effect of

oxygen on the physicochemical properties of the HeþO2

discharge, a large range of oxygen concentrations ranging

from 1ppm to 10% (105 ppm) is analyzed in this work. For

each species in theplasma, theplasma loses particles due to

chemical reactions in the plasma volume, fluxes to the

electrodes, sidewise diffusion and advection (Figure 1). As a

result of the diffusion and advection transport, long lived

neutral species, such as O3, can be extracted from the

plasma. The sidewise diffusion and advection of neutrals

are usually neglected when modelling low pressure

plasmas,[17] but for atmospheric pressure plasmas where

diffusion to the electrodes is slow and stable (long lived)

species are generated, these loss mechanisms need to be

considered. For charged species, however, since the thermal

and gas flow velocities are small compared to the drift

velocity, their sidewise flux is set to zero in the model. 21

species are incorporated in the model, and these are

listed in Table 1. The list combines species considered in

other studies of low-pressure and atmospheric-pressure

plasmas with related chemistries: O2,
[17,22] He,[23,24] air,[25]

ArþO2,
[17,26]Heþ air,[27] andHeþO2

[18,21]. The importance

of each species is then studied as a function of the

oxygen concentration in the discharge. Themodel incorpo-

rates 267 reactions, which are listed in Table 2. Most

reaction rate coefficients are taken from the literature

and all the electron-neutral two-body reaction rate

coefficients are calculated based on cross section data.

Where data is not available, the cross section is estimated

by shifting cross sections by the required threshold
www.plasma-polymers.org 847



Table 1. The 21 species included in the global model.

Species Modela) Speciesb) Model

e S He S

Heþ S1 O2 S

Heþ2 S1 He� S1,S2

Oþ He�2 S1,S2

O- S2,S3 O S

Oþ
2 S O(1D) S

O�
2 S2,S3 O(1S) S2,S3

O�
3 S2,S3 O2(b) S

Oþ
4 S2,S3 O2(a) S

O�
4 O2(n) S

O3 S2,S3

a)S1: main species in regime RG1; S2: main species in regime RG2;

S3: main species in regime RG3; S: main species in RG1, RG2

and RG3; b)O2(a) and O2(b) represent O2(a1Dg) and O2(b
1Pþ

g ),

respectively. O2(n) denotes the vibrational excited states of O2

(n¼1,2,3,4).
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energy, as suggested in ref.[18] Some of the ion-ion

recombination rate coefficients are also estimated accord-

ing to the recommendations made in refs.[30,31] The

Boltzmann solver BOLSIGþ [28] is used to determine

the electron energy distribution function, and calculate

the rate coefficients of electron impact reactions as a

function of the electron mean energy and the feed gas

composition. On the other hand, for heavy-particle reac-

tions, the particle energy distribution is assumed to be

Maxwellian. In themodel, the time evolution of the density

of each species in the plasma is governed by the particle

balance equation:[13,23,29]
Plasma

� 2010
dnk

dt
¼ GV

k þ S1
V

XN

i¼1;i„k

ai;kG1i�bkG1k

 !

� S2
V
G2k�

F

V
nk

(1)
where nk (m�3) is the number density of species k, GV
k

(m�3 � s�1) the net generation/loss rate of species k due to

reactions in the bulk plasma, N the total number of species,

S1 (m2) the total area of the electrodes, S2 (m2) the

‘‘sidewall’’ area, V (m3) the plasma volume, G1k (m�2 � s�1)

and G2k (m�2 � s�1) the fluxes of species k to the electrodes

and to the sides out of the plasma, and F (m3 � s�1) the gas

flow rate. For charged species, G2k and F are assumed to be

zero as for the conditions of interest here the drift velocity

of the charged species is much larger than the thermal and

advection velocities. The second term on the right-hand
Process. Polym. 2010, 7, 846–865
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side of Equation 1 represents the particle gain/loss due to

surface reactions (see Table 3). bk is the surface reaction

probability of species k, and ai,k a parameter between zero

and one that relates to the generation probability of

species k due to surface reactions of species i. For instance,

O(1D)þWall!O has a probability of 1 (Table 3); therefore,

ai,k where k denotes O, and i denotes O(1D) is equal to 1. It is

noted that no secondary electron emissions have been

considered in the model, although it is recognized that

these can affect the discharge properties depending on the

frequency of operation and the input power.[30,31]

Regarding fluxes to the electrodes, the following assump-

tions are made: neutral species are assumed to be

Maxwellian distributed, i.e. Gn¼ 0.25 nn vth; negative ions

are assumed tobe confinedby the ambipolar field, i.e.G–¼ 0;

and the flux of positive ions is assumed to be given by

Gþ¼ 0.6 nþ us, where us is the velocity of the ions at the

entrance of a collisional sheath.[13] For typical atmospheric

pressureplasmas, the ion velocity at the sheath edge (us) can

bemore than an order ofmagnitude smaller than the Bohm

velocity, and therefore the use of the collisionless sheath

formula (Bohm velocity) would result in an overestimation

of the particle losses, leading to an increase in the mean

electron energy. The prefactor 0.6 in the above flux formula

accounts for the drop in plasmadensity that occurs from the

centre of the discharge to the sheath edge. A voltage drop

across the presheath of 1/2Te is assumed in obtaining the

prefactor 0.6. The actual voltage drop, however, ultimately

dependsonthepresheathgeometry, its collisionalityandthe

plasma heating mechanisms.[32] Finally, the electron flux is

set to balance the positive ion flux, maintaining quasineu-

trality in the bulk plasma, i.e. Ge¼SGþ. To solve the particle

balanceequation, themeanelectronenergy isneeded,as this

is required to compute the various generation/loss rates. In

the model, the electron energy is obtained by solving the

following power balance equation:[13,23,29]
d

dt

3

2
neTe

� �
¼ Pin

eV
�
XNr

i¼1

"iRi

� S1
V

"eGe þ
XNp

j¼1

"pG1j

0
@

1
A (2)
where e is the elementary charge, Pin(W) is the time-

average input power, Nr the number of electron impact

reactions, ei (eV) and Ri (m
�3 � s�1) the electron energy loss

due to the ith electron impact reaction and the correspond-

ing reaction rate, "e (eV) the electron energy loss per

electron escaping the plasma and ep (eV) the energy loss

per ion that crosses the sheath. In this model, ee is assumed

to be 2Te,
[13] and ep 100 eV. It is worth noting that, although

ions reach the electrodes with little kinetic energy due to

collisions in the sheath (typically< 1eV),[33,34] the energy
DOI: 10.1002/ppap.201000049



Table 2. Chemical reactions included in the models.

No Reactiona) Rate coefficientb) Notec) Ref

1 e þ He ! e þ He f Teð Þ S [59]

2 e þ O2 ! e þ O2 f Teð Þ S3 [60]

3 e þ He ! Heþ þ 2e f Teð Þ S1 [59]

4 e þ He� ! Heþ þ 2e f Teð Þ S1 [61]

5 e þ He�2 ! Heþ2 þ 2e 9:75� 10�10Te
0:71exp �3:4=Teð Þ [62]

6 e þ O ! Oþ þ 2e f Teð Þ [63]

7 e þ O 1Dð Þ ! Oþ þ 2e f Teð Þ d)

8 e þ O 1Sð Þ ! Oþ þ 2e f Teð Þ d)

9 e þ O� ! O þ 2e f Teð Þ [64]

10 e þ O2 ! O2
þ þ 2e f Teð Þ S [54]

11 e þ O2 ! Oþ þ O þ 2e f Teð Þ [54]

12 e þ O2 að Þ ! O2
þ þ 2e f Teð Þ d)

13 e þ O2 að Þ ! Oþ þ O þ 2e f Teð Þ d)

14 e þ O2 bð Þ ! O2
þ þ 2e f Teð Þ d)

15 e þ O2 bð Þ ! O þ Oþ þ 2e f Teð Þ d)

16 e þ O2 vð Þ ! Oþ
2 þ 2e f Teð Þ d)

17 e þ O2 vð Þ ! Oþ þ O þ 2e f Teð Þ d)

18 e þ He ! e þ He� f Teð Þ S1,S2 [59]

19 e þ He� ! e þ He f Teð Þ e)

20 e þ He�2 ! e þ 2He 3:8� 10�9 [25]

21 e þ O ! Oð1DÞ þ e f Teð Þ [63]

22 e þ O 1Dð Þ ! O þ e f Teð Þ e)

23 e þ O ! Oð1SÞ þ e f Teð Þ S2,S3 [63]

24 e þ O 1Sð Þ ! O þ e f Teð Þ e)

25 e þ O2 ! 2O þ e f Teð Þ S [15]

26 e þ O2 ! Oð1DÞ þ O þ e f Teð Þ S [54]

27 e þ O2 ! Oð1SÞ þ O þ e f Teð Þ S2,S3 [65]

28 e þ O2 ! O2 bð Þ þ e f Teð Þ S [60]

29 e þ O2 ! O2 að Þ þ e f Teð Þ S [60]

30 e þ O2 ! O2 vð Þ þ e f Teð Þ S [59]

31 e þ O2 að Þ ! O2 bð Þ þ e f Teð Þ [66]

32 e þ O2 að Þ ! O 1Dð Þ þ O þ e f Teð Þ [15]

33 e þ O2 að Þ ! O 1Sð Þ þ O þ e f Teð Þ d)

34 e þ O2 að Þ ! 2O þ e f Teð Þ d)

35 e þ O2 að Þ ! O2 þ e f Teð Þ e)

36 e þ O2 bð Þ ! O 1Dð Þ þ O þ e f Teð Þ d)

37 e þ O2 bð Þ ! O 1Sð Þ þ O þ e f Teð Þ d)

38 e þ O2 bð Þ ! 2O þ e f Teð Þ d)

39 e þ O2 bð Þ ! O2 þ e f Teð Þ e)

40 e þ O2 vð Þ ! O2 a1Dg

� �
þ e f Teð Þ d)

41 e þ O2 vð Þ ! O2 b1
Pþ

g

� �
þ e f Teð Þ d)
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No Reactiona) Rate coefficientb) Notec) Ref

42 e þ O2 vð Þ ! 2O þ e f Teð Þ d)

43 e þ O2 vð Þ ! O 1Dð Þ þ O þ e f Teð Þ d)

44 e þ O2 vð Þ ! O 1Sð Þ þ O þ e f Teð Þ d)

45 e þ O2 vð Þ ! O2 þ e f Teð Þ e)

46 e þ O ! O� f Teð Þ [67]

47 e þ O2 ! O þ O� f Teð Þ S2,S3 [65]

48 e þ O2 að Þ ! O þ O� f Teð Þ [68]

49 e þ O2 bð Þ ! O þ O� f Teð Þ S2,S3 [69]

50 e þ O2 vð Þ ! O� þ O f Teð Þ d)

51 e þ O3 ! O þ O�
2 f Teð Þ [65]

52 e þ O3 ! O� þ O2 f Teð Þ S3 [65]

53 e þ Heþ ! He� 6:76� 10�13Te
�0:5 [18]

54 e þ Heþ2 ! He� þ He 7:12� 10�15 Te=Tg

� ��1:5 [70]

55 e þ Oþ ! O 1Dð Þ 5:3� 10�13Te
�0:5 [18]

56 e þ O2
þ ! O þ O 1:2� 10�8Te

�0:7 [18]

57 e þ O2
þ ! O þ Oð1DÞ 8:88� 10�9Te

�0:7 [18]

58 e þ O2
þ ! 2Oð1DÞ 6:87� 10�9Te

�0:7 [27]

59 e þ Oþ
4 ! 2O2 2:25� 10�7Te

�0:5 S2 [31]

60 2e þ Heþ ! He� þ e 7:8� 10�38 Te=Tg

� ��4:4 [40]

61 2e þ Heþ2 ! He� þ He þ e 2:8� 10�20 [25]

62 2e þ Heþ2 ! He�2 þ e 1:2� 10�21 [25]

63 2e þ Oþ ! O þ e 5:12� 10�27Te
�4:5 [18]

64 2e þ Oþ
2 ! O2 þ e 7:18� 10�27Te

�4:5 [31]

65 2e þ Oþ
4 ! 2O2 þ e 7:18� 10�27Te

�4:5 [31]

66 e þ Heþ þ He ! He� þ He 7:4� 10�35 Te=Tg

� ��2 [40]

67 e þ Heþ2 þ He ! He� þ 2He 3:5� 10�27 S1 [25]

68 e þ Heþ2 þ He ! He�2 þ He 1:5� 10�27 [25]

69 e þ Oþ þ O2 ! O þ O2 2:49� 10�29Te
�1:5 [27]

70 e þ Oþ þ He ! O þ He 6:45� 10�31Te
�2:5 [29]

71 e þ O2
þ þ O2 ! 2O2 2:49� 10�29Te

�1:5 [27]

72 e þ O þ O2 ! O� þ O2 1:0� 10�31 [27]

73 e þ O þ He ! O� þ He 1:0� 10�31 f)

74 e þ O2 þ O2 ! O2
� þ O2 2:26� 10�30 Tg=300

� ��0:5 S3 [20]

75 e þ O2 þ He ! O�
2 þ He 1� 10�31 S2,S3 [29]

76 e þ O3 þ O2 ! O�
3 þ O2 1:0� 10�31 [27]

77 e þ O3 þ He ! O�
3 þ He 1:0� 10�31 f)

78 Heþ þ O� ! O þ He 2� 10�7 Tg=300
� ��1 [18]

79 Heþ þ O� þ M ! O þ He þ M 2� 10�25 Tg=300
� ��2:5 [18]

80 Heþ þ O2
� ! O2 þ He 2� 10�7 Tg=300

� ��1 [18]

Table 2. (Continued)
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No Reactiona) Rate coefficientb) Notec) Ref

81 Heþ þ O3
� ! O3 þ He 2� 10�7 Tg=300

� ��1 [18]

82 Heþ þ O�
4 þ M ! He þ 2O2 þ M 2� 10�25 Tg=300

� ��2:5 [31]

83 He2
þ þ O� ! O þ 2He 1� 10�7 [31]

84 He2
þ þ O� þ M ! O þ 2He þ M 2� 10�25 Tg=300

� ��2:5 [31]

85 He2
þ þ O�

2 ! O2 þ 2He 1� 10�7 [31]

86 He2
þ þ O�

2 þ M ! O2 þ 2He þ M 2� 10�25 Tg=300
� ��2:5 [31]

87 He2
þ þ O�

3 ! O3 þ 2He 1� 10�7 [31]

88 He2
þ þ O�

3 þ M ! O3 þ 2He þ M 2� 10�25 Tg=300
� ��2:5 [31]

89 Heþ2 þ O�
4 þ M ! 2He þ 2O2 þ M 2� 10�25 Tg=300

� ��2:5 [31]

90 Oþ þ O� ! 2O 2� 10�7 Tg=300
� ��1 [18]

91 Oþ þ O� ! O þ O 1Dð Þ 4:9� 10�10 Tg=300
� �-0:5 [45]

92 Oþ þ O� þ M ! 2O þ M 2� 10�25 Tg=300
� ��2:5 [18]

93 Oþ þ O2
� ! O2 þ O 2:7� 10�7 Tg=300

� ��0:5 [28]

94 Oþ þ O2
� þ M ! O2 þ O þ M 2� 10�25 Tg=300

� ��2:5 [31]

95 Oþ þ O�
3 ! O3 þ O 2� 10�7 Tg=300

� ��1 [18]

96 Oþ þ O�
3 þ M ! O3 þ O þ M 2� 10�25 Tg=300

� ��2:5 [31]

97 Oþ þ O�
4 þ M ! O þ 2O2 þ M 2� 10�25 Tg=300

� ��2:5 [31]

98 O2
þ þ O� ! O2 þ O 2� 10�7 Tg=300

� ��0:5 [27]

99 Oþ
2 þ O� þ M ! O2 þ O þ M 2� 10�25 Tg=300

� ��2:5 S2,S3 [18]

100 O2
þ þ O2

� ! 2O2 2:0� 10�7 Tg=300
� ��0:5 [28]

101 O2
þ þ O2

� ! O2 þ 2O 1:01� 10�7 Tg=300
� ��0:5 [28]

102 Oþ
2 þ O�

2 þ M ! 2O2 þ M 2� 10�25 Tg=300
� ��2:5 S2,S3 [31]

103 Oþ
2 þ O3

� ! O3 þ 2O 1� 10�7 [18]

104 Oþ
2 þ O3

� ! O3 þ O2 2� 10�7 Tg=300
� ��1 [18]

105 Oþ
2 þ O3

� þ M ! O3 þ O2 þ M 2� 10�25 Tg=300
� ��2:5 S2,S3 [31]

106 Oþ
2 þ O�

4 þ M ! 3O2 þ M 2� 10�25 Tg=300
� ��2:5 [31]

107 Oþ
4 þ O� ! 2O2 þ O 1� 10�7 [31]

108 Oþ
4 þ O�

2 ! 3O2 1� 10�7 [31]

109 Oþ
4 þ O�

3 ! 3O2 þ O 1� 10�7 [31]

110 Oþ
4 þ O� þ M ! 2O2 þ O þ M 2� 10�25 Tg=300

� ��2:5 S2,S3 [31]

111 Oþ
4 þ O�

2 þ M ! 3O2 þ M 2� 10�25 Tg=300
� ��2:5 S2,S3 [31]

112 Oþ
4 þ O�

3 þ M ! 2O2 þ O3 þ M 2� 10�25 Tg=300
� ��2:5 S2,S3 [31]

113 Oþ
4 þ O�

4 þ M ! 4O2 þ M 2� 10�25 Tg=300
� ��2:5 [31]

114 O� þ He ! He þ O þ e 2:5� 10�18 Tg=300
� �0:6 [71]

115 O� þ He� ! O þ He þ e 3� 10�10 [72]

Table 2. (Continued)
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116 O� þ He�2 ! O þ 2He þ e 3� 10�10 [72],h)

117 O� þ O ! O2 þ e 2:0� 10�10 Tg=300
� �0:5 S2,S3 [18]

118 O� þ O 1Dð Þ ! 2O þ e 1� 10�10 [72]

119 O� þ O 1Sð Þ ! 2O þ e 1� 10�10 [72]

120 O� þ O2 bð Þ ! O2 þ O þ e 6:9� 10�10 Tg=300
� �0:5 S2,S3 [18]

121 O� þ O2 að Þ ! O3 þ e 3� 10�10 Tg=300
� �0:5 S2,S3 [18]

122 O� þ O2 ! O3 þ e 5� 10�15 Tg=300
� �0:5 [18]

123 O� þ O3 ! 2O2 þ e 3:01� 10�10 Tg=300
� �0:5 [18]

124 O�
2 þ He ! He þ O2 þ e 3:9� 10�10exp �7400=Tg

� �
[73]

125 O�
2 þ He� ! O2 þ He þ e 3� 10�10 [72]

126 O�
2 þ He�2 ! O2 þ 2He þ e 3� 10�10 [72],h)

127 O�
2 þ O ! O3 þ e 1:5� 10�10 Tg=300

� �0:5 S3 [18]

128 O�
2 þ O 1Dð Þ ! O þ O2 þ e 1� 10�10 [72]

129 O�
2 þ O 1Sð Þ ! O þ O2 þ e 1� 10�10 [72]

130 O2
� þ O2 ! 2O2 þ e 2:7� 10�10exp �5590=Tg

� �
[74]

131 O2
� þ O2 bð Þ ! 2O2 þ e 3:6� 10�10 S3 [27]

132 O2
� þ O2 að Þ ! 2O2 þ e 2:0� 10�10 Tg=300

� �0:5 [18]

133 O�
3 þ He� ! O þ O2 þ He þ e 3� 10�10 [72]

134 O�
3 þ He�2 ! O þ O2 þ 2He þ e 3� 10�10 [72]

135 O�
3 þ O ! 2O2 þ e 1� 10�11 [72]

136 O�
3 þ O 1Sð Þ ! O þ O3 þ e 1� 10�10 [72]

137 O�
4 þ He� ! 2O2 þ He þ e 1� 10�10 [72]

138 O�
4 þ He�2 ! 2O2 þ 2He þ e 1� 10�10 [72]

139 O�
4 þ O 1Dð Þ ! O þ 2O2 þ e 1� 10�10 [72]

140 O�
4 þ O 1Sð Þ ! O þ 2O2 þ e 1� 10�10 [72]

141 O�
4 þ O2 b1

Pþ
g

� �
! 3O2 þ e 1� 10�10 [72]

142 Heþ þ 2He ! Heþ2 þ He 1:4� 10�31 Tg=300
� ��0:6 S1 [40]

143 Heþ þ O ! Oþ þ He 5� 10�11 Tg=300
� �0:5 [18]

144 Heþ þ Oð1DÞ ! Oþ þ He 5� 10�11 Tg=300
� �0:5 [18]

145 Heþ þ Oð1SÞ ! Oþ þ He 5� 10�11 Tg=300
� �0:5 [18]

146 Heþ þ O2 ! Oþ þ O þ He 1:07� 10�9 Tg=300
� �0:5 [18]

147 Heþ þ O2 ! Oþ
2 þ He 3:3� 10�11 Tg=300

� �0:5 [18]

148 Heþ þ O2 að Þ ! Oþ þ O þ He 1:07� 10�9 Tg=300
� �0:5 [18]

149 Heþ þ O2 að Þ ! Oþ
2 þ He 3:3� 10�11 Tg=300

� �0:5 [18]

150 Heþ þ O3 ! Oþ þ O2 þ He 1:07� 10�9 Tg=300
� �0:5 [18]

151 He2
þ þ O ! Oþ þ 2He 1� 10�9 Tg=300

� �0:5 f)
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152 He2
þ þ O 1Dð Þ ! Oþ þ 2He 1� 10�9 Tg=300

� �0:5 f)

153 He2
þ þ O 1Sð Þ ! Oþ þ 2He 1� 10�9 Tg=300

� �0:5 f)

154 He2
þ þ O2 ! Oþ

2 þ 2He 1� 10�9 Tg=300
� �0:5 S1 [75]

155 He2
þ þ O2 bð Þ ! Oþ

2 þ 2He 1� 10�9 Tg=300
� �0:5 f)

156 He2
þ þ O2 að Þ ! Oþ

2 þ 2He 1� 10�9 Tg=300
� �0:5 f)

157 Heþ2 þ O3 ! Oþ þ O2 þ 2He 1� 10�9 Tg=300
� �0:5 f)

158 Oþ þ O þ M ! Oþ
2 þ M 1� 10�29 Tg=300

� �0:5 [18]

159 Oþ þ O2 ! O2
þ þ O 2:0� 10�11 Tg=300

� ��0:5 [45]

160 Oþ þ O3 ! Oþ
2 þ O2 1� 10�10 [18]

161 O� þ O2 að Þ ! O2
� þ O 1:1� 10�11 Tg=300

� �-0:5 [45]

162 O� þ O3 ! O�
2 þ O2 1:02� 10�11 Tg=300

� �0:5 [18]

163 O� þ O3 ! O�
3 þ O 1:99� 10�10 Tg=300

� �0:5 [18]

164 O� þ O2 þ M ! O�
3 þ M 1:1� 10�30 Tg=300

� ��1 [72]

165 Oþ
2 þ He� ! Oþ þ O þ He 1� 10�10 [72]

166 Oþ
2 þ He�2 ! Oþ þ O þ 2He 1� 10�10 [72]

167 O2
þ þ O 1Dð Þ ! O2 að Þ þ Oþ

1� 10�12 Tg=300
� �-0:5 [45]

168 Oþ
2 þ 2O2 ! Oþ

4 þ O2 2:4� 10�30 Tg=300
� ��3:2 S3 [31]

169 Oþ
2 þ O2 þ He ! Oþ

4 þ He 5:8� 10�31 Tg=300
� ��3:1 S2,S3 [76]

170 O2
� þ O ! O� þ O2 1:5� 10�10 Tg=300

� �0:5 [18]

171 O�
2 þ O3 ! O�

3 þ O2 6� 10�10 Tg=300
� �0:5 S3 [18]

172 O�
2 þ O 1Sð Þ ! O� þ 2O 1� 10�10 [72]

173 O�
2 þ O2 þ M ! O�

4 þ M 3:5� 10�31 Tg=300
� ��1 [31]

174 O�
3 þ O ! O�

2 þ O2 2:5� 10�10 Tg=300
� �0:5 S2,S3 [18]

175 O�
3 þ O 1Dð Þ ! O� þ O þ O2 1� 10�10 [72]

176 O�
3 þ O 1Sð Þ ! O� þ O þ O2 1� 10�10 [72]

177 O�
3 þ O 1Sð Þ ! O�

2 þ 2O 1� 10�10 [72]

178 O�
3 þ O2 b1

Pþ
g

� �
! O� þ 2O2

1� 10�10 [72]

179 Oþ
4 þ He� ! Oþ þ O þ O2 þ He 1� 10�10 [72]

180 Oþ
4 þ He�2 ! Oþ þ O þ O2 þ 2He 1� 10�10 [72]

181 Oþ
4 þ O ! Oþ

2 þ O3 3� 10�10 S2,S3 [31]

182 Oþ
4 þ O 1Dð Þ ! Oþ

2 þ O3 3� 10�10 g)

183 Oþ
4 þ O 1Sð Þ ! Oþ

2 þ O3 3� 10�10 g)

184 Oþ
4 þ O2 ! Oþ

2 þ 2O2
3:3� 10�6 Tg

300

� ��4

exp � 5030

Tg

� �
S2,S3 [31]

185 Oþ
4 þ O2 að Þ ! Oþ

2 þ 2O2 1� 10�10 [31]

186 Oþ
4 þ O2 bð Þ ! Oþ

2 þ 2O2 1� 10�10 [31]
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187 Oþ
4 þ He ! Oþ

2 þ O2 þ He 3� 10�17 [77]

188 O�
4 þ M ! O�

2 þ O2 þ M 1� 10�10exp �1044=Tg

� �
[31]

189 O�
4 þ O ! O�

3 þ O2 4� 10�10 [31]

190 O�
4 þ O ! O� þ 2O2 3� 10�10 [31]

191 O�
4 þ O 1Dð Þ ! O�

2 þ O2 þ O 1� 10�10 [72]

192 O�
4 þ O 1Sð Þ ! O� þ 2O2 1� 10�10 [72]

193 O�
4 þ O2 a1Dg

� �
! O�

2 þ 2O2 1� 10�10 [31]

194 O�
4 þ O2 b1

Pþ
g

� �
! O�

2 þ 2O2
1� 10�10 [31]

195 O�
4 þ O3 ! O�

3 þ 2O2 3� 10�10 [31]

196 2He� ! Heþ2 þ e 2:03� 10�9 Tg=300
� �0:5 S1 [40]

197 2He� ! Heþ þ He þ e 8:7� 10�10 Tg=300
� �0:5 S1 [40]

198 He� þ He�2 ! Heþ þ 2He þ e 5� 10�10 Tg=300
� �0:5 [25]

199 He� þ He�2 ! Heþ2 þ He þ e 2� 10�9 Tg=300
� �0:5 S1 [25]

200 2He�2 ! Heþ þ 3He þ e 3� 10�10 Tg=300
� �0:5 S1 [25]

201 2He�2 ! Heþ2 þ 2He þ e 1:2� 10�9 Tg=300
� �0:5 S1 [25]

202 He� þ O ! Oþ þ He þ e 3:96� 10�10 Tg=300
� �0:17 [75]

203 He� þ Oð1DÞ ! Oþ þ He þ e 3:96� 10�10 Tg=300
� �0:17 [75]

204 He� þ Oð1SÞ ! Oþ þ He þ e 3:96� 10�10 Tg=300
� �0:17 [75]

205 He� þ O2 ! O2
þ þ He þ e 2:54� 10�10 Tg=300

� �0:5 S1,S2 [18]

206 He� þ O2 bð Þ ! Oþ
2 þ He þ e 2:54� 10�10 Tg=300

� �0:5 [18]

207 He� þ O3 ! Oþ
2 þ O þ He þ e 2:54� 10�10 Tg=300

� �0:5 [18]

208 He2
� þ O ! Oþ þ 2He þ e 1� 10�10 Tg=300

� �0:5 f)

209 He2
� þ O 1Dð Þ ! Oþ þ 2He þ e 1� 10�10 Tg=300

� �0:5 f)

210 He2
� þ O 1Sð Þ ! Oþ þ 2He þ e 1� 10�10 Tg=300

� �0:5 f)

211 He2
� þ O2 ! O2

þ þ 2He þ e 1� 10�10 Tg=300
� �0:5 S1,S2 [75]

212 He�2 þ O3 ! Oþ
2 þ O þ 2He þ e 1� 10�10 Tg=300

� �0:5 f)

213 He�2 þ M ! 2He þ M 1:5� 10�15 S1,S2 [70]

214 O 1Dð Þ þ O ! 2O 8� 10�12 [18]

215 Oð1DÞ þ O2 ! O þ O2 4:8� 10�12exp 67=Tg

� �
S2,S3 [78]

216 Oð1DÞ þ O2 ! O þ O2ðaÞ 1:6� 10�12exp 67=Tg

� �
S2,S3 [78]

217 Oð1DÞ þ O2 ! O þ O2ðbÞ 2:56� 10�11expð67=TgÞ S2,S3 [78]

218 O 1Dð Þ þ O3 ! 2O2 1:2� 10�10 [18]

219 O 1Dð Þ þ O3 ! 2O þ O2 1:2� 10�10 [18]

220 Oð1DÞ þ He ! O þ He 1:0� 10�13 S [18]

221 Oð1SÞ þ O ! Oð1DÞ þ O 1:67� 10�11expð�300=TgÞ [18]

222 Oð1SÞ þ O ! 2O 3:33� 10�11expð�300=TgÞ [18]
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223 Oð1SÞ þ O2 ! O þ O2 1:6� 10�12expð�850=TgÞ S3 [18]

224 Oð1SÞ þ O2 ! Oð1DÞ þ O2 3:2� 10�12expð�850=TgÞ S3 [18]

225 Oð1SÞ þ O2 að Þ ! O þ O2 1:1� 10�10 S2,S3 [18]

226 Oð1SÞ þ O2 að Þ ! 3O 3:2� 10�11 [18]

227 Oð1SÞ þ O2 að Þ ! O 1Dð Þ þ O2 bð Þ 2:9� 10�11 [18]

228 O 1Sð Þ þ O3 ! 2O2 4:63� 10�10 S3 [79]

229 O2 að Þ þ O ! O2 þ O 7:0� 10�16 [27]

230 O2 að Þ þ O2 ! 2O2 2:2� 10�18 Tg=300
� �0:8 [27]

231 O2 að Þ þ O2 ! O þ O3 2:95� 10�21 Tg=300
� �0:5 [18]

232 2O2 að Þ ! 2O2 9� 10�17exp �560=Tg

� �
[18]

233 2O2 að Þ ! O2 bð Þ þ O2 9� 10�17exp �560=Tg

� �
[18]

234 O2 að Þ þ O3 ! 2O2 þ O 5:2� 10�11exp �2840=Tg

� �
[79]

235 O2 að Þ þ He ! O2 þ He 8� 10�21 Tg=300
� �0:5 [18]

236 O2 bð Þ þ O ! O2 þ O 8:0� 10�15 Tg=300
� �0:5 [18]

237 O2 bð Þ þ O ! O2 að Þ þ O 7:2� 10�14 Tg=300
� �0:5 [18]

238 O2 bð Þ þ O2 ! 2O2 4:0� 10�18 Tg=300
� �0:5 [18]

239 O2 bð Þ þ O2 ! O2 að Þ þ O2 3:6� 10�17 Tg=300
� �0:5 [18]

240 2O2 bð Þ ! O2 að Þ þ O2 3:6� 10�17 Tg=300
� �0:5 [18]

241 O2 bð Þ þ O3 ! 2O2 þ O 7:33� 10�12 Tg=300
� �0:5 S2,S3 [18]

242 O2 bð Þ þ O3 ! O2 að Þ þ O3 7:33� 10�12 Tg=300
� �0:5 S3 [18]

243 O2 bð Þ þ O3 ! O2 þ O3 7:33� 10�12 Tg=300
� �0:5 S3 [18]

244 O2 bð Þ þ He ! O2 að Þ þ He 1� 10�17 Tg=300
� �0:5 [18]

245 O2 vð Þ þ O ! O2 þ O 1� 10�14 Tg=300
� �0:5 [8]

246 O2 vð Þ þ M ! O2 þ M 1� 10�14 Tg=300
� �0:5 S [18]

247 O3 þ O ! 2O2 8� 10�12exp �2060=Tg

� �
[79]

248 O3 þ M ! O2 þ O þ M 1:56� 10�9exp �11490=Tg

� �
[18]

249 He� þ 2He ! He�2 þ He 2� 10�34 S1,S2 [70]

250 3O ! O þ O2 9:21� 10�34 Tg=300
� ��0:63 [18]

251 3O ! O þ O2ðaÞ 6:93� 10�35 Tg=300
� ��0:63 [18]

252 2O þ O2 ! 2O2 2:56� 10�34 Tg=300
� ��0:63 [18]

253 2O þ O2 ! O2 þ O2ðaÞ 1:93� 10�35 Tg=300
� ��0:63 [18]

254 2O þ O2 ! O3 þ O 3:4� 10�34exp 345=Tg

� �
[80]

255 2O þ O2 að Þ ! O2 þ O2 að Þ 7:4� 10�33 [80]

256 2O þ He ! He þ O2
1:3� 10�32 Tg

300

� ��1

exp � 170

Tg

� �
[29]

257 2O þ He ! O2 að Þ þ He 9:88� 10�35 [18]
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258 O þ 2O2 ! O3 þ O2 6� 10�34 Tg=300
� ��2:8 S3 [18]

259 O þ O2 þ He ! O3 þ He 1:1� 10�34exp 510=Tg

� �
S2,S3 [29]

260 O þ O3 þ O2 ! 2O3 1:5� 10�34exp 710=Tg

� �
[27]

261 O þ O2 að Þ þ O2 ! 2O2 þ O 1� 10�32 [28]

262 O þ O2 að Þ þ He ! O2 þ O þ He 1� 10�32 S3 [28],f)

263 2O2 að Þ þ O2 ! 2O3 1� 10�31 [80]

264 O 1Dð Þ ! O þ hy 5:0� 10�3s�1 [27]

265 O 1Sð Þ ! O 1Dð Þ þ hy 1:34s�1 [27]

266 O2 að Þ ! O2 þ hy 2:7� 10�4s-1 [81]

267 O2 bð Þ ! O2 þ hy 8:3� 10�2s-1 [82]

a)He� represents He(23S) and He(21S); He�2 represents He2(a
3Sþ

u ). O2(a) represents O2(a
1Dg); O2(b) represents O2(b

1Sþ
g ); O2(n) represents the

vibrational excited states of O2 (n¼ 1–4). M represents the background gases helium and oxygen. b)Rate coefficients have units of cm3 � s�1

for two-body reactions and cm6 � s�1 for three-body reactions; Te has units eV; Tg has units K. f(Te) indicates that the rate coefficient is

obtained using the cross section from the indicated reference. c)S representsmain reaction in thewhole range of oxygen concentration. S1:

main reactions in RG1; S2: main reactions in RG2; S3: main reactions in RG3. d)Cross-section estimated by shifting the ground state cross

section by the excitation threshold. e)Superelastic cross section calculated using detailed balance. f)Estimated same asO2.
g)Estimated same

as O. h)Estimated same as He�.
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dissipated as they transit the sheath is much higher (of the

order of the actual sheath potential, �100V in this study).

In atmospheric pressure plasmas, this energy ends up

heating the background gas via ion-neutral collisions in

the sheath, rather than reaching the walls as it is the case

in low-pressure plasmas.

The foremostpurposeof this paper is to identify themain

species and chemical reactions in cold atmospheric-

pressure HeþO2 plasmas for various oxygen concentra-

tions. Due to the strong dependence of the discharge

characteristics on the oxygen concentration, three regimes

need to be considered:
(i) R
Plasm

� 201
egime 1 (RG1): Discharges containing 1–10ppm of

oxygen. At this low oxygen concentration, helium

species dominate the discharge and the discharge is

clearly electropositive.
(ii) R
egime 2 (RG2): Discharges containing 10–5 000ppm

of oxygen. In this regime, oxygen-derived species

dominate over helium species, and the discharge

becomes increasingly electronegative.
(iii) R
egime 3 (RG3): Discharges containing 0.5–10% of

oxygen. In this regime, species originated fromhelium

are negligible, and the discharge is electronegative.
A sensitivity study is performed to select the main

species and reactions in each regime. The criterion used is

the same as the one detailed in ref.[22] In brief, once the

simulationhas reachedsteadystate, only thespecieswhose
a Process. Polym. 2010, 7, 846–865

0 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
density is larger than a threshold value are deemed

important. The threshold value is chosen to be 5% of the

totaldensityofpositive ions (ornegativechargedspecies). It

is noted, however, that some intermediate species are

included in the simplified models despite not reaching the

threshold density because they contribute significantly to

the particle balance of more abundant species. This is the

case, for example, of Heþ. Heþ density is typically less than

the threshold value, but it contributes importantly to the

formation of Heþ2 via Heþ þ 2He ! Heþ2 þ He (reaction

R142 inTable2). SinceHeþ2 is themain ion inRG1,Heþ is also

incorporated in the simplified model. The main species

identified for each of the three regimes (RG1, RG2 and RG3)

are listed in Table 1. Once the main species have been

identified, main reactions need to be selected next. As

in ref.,[22] this is done by choosing the reactions whose

absolute and/or relative contribution to the particle

balance of each main species in the plasma is above a

certain threshold (5% again). The list of main reactions for

the simplified models can be found in Table 2.
Main Species as a Function of the Oxygen
Concentration

The steady state composition of HeþO2 plasmas as a

function of the oxygen concentration is captured in

Figure 2. Figure 2a–d show the density of positive ions,

negatively charged species, metastables, and other neutral
DOI: 10.1002/ppap.201000049



Table 3. Wall reactions.

Surface reactions Probability Ref.

He� þ Wall ! He 1.00 [18]

He�2 þ Wall ! 2He 1.00 [18]

O þ Wall ! 1
2 O2 0.02 [18]

O 1Dð Þ þ Wall ! O 1.00 [18]

O 1Sð Þ þ Wall ! O 1.00 [18]

O2 að Þ þ Wall ! O2 0.0004 [83]

O2 bð Þ þ Wall ! O2 0.02 [18]

O2 vð Þ þ Wall ! O2 0.2 [18]

Xþ þ Wall ! neutrals 1.00 [18]

a)Xþ represents any positive ion.

Main Species and Physicochemical Processes in Cold Atmospheric-pressure . . .
species, respectively. The figures clearly indicate that the

main species depend on the oxygen concentration, and

most species undergo density variations of orders of

magnitude. Since the data is obtained at constant input

power, an increase in density reflects a more efficient

generation of that particular species, whereas a decrease in

density indicates a decrease in generation efficiency.

Figure 2a presents the density of positive ions in the
Figure 2. Density of a) positive ions: : Heþ; : Heþ2 ; : Oþ;
: O�

2 ; : O�
3 ; : O�

4 ; c) metastables: : He�; : He�
2;

: O; : O3; : O2(n).
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plasma. As observed in other atmospheric pressure helium

discharges,[35,36] helium dimer ions (Heþ2 ) are more

abundant than helium ions (Heþ). Nevertheless, even at

oxygen concentrations of just 1 ppm, Oþ
2 is the dominant

ion. Given the large energy of helium and helium dimer

metastables (e� 19.8 eV and 18.4 eV, respectively), Penning

ionization (R205 and R211) is an important process in

HeþO2discharges and leads to the largerdensity of oxygen

ions. Similar results have been observed in HeþN2
[37] and

HeþH2O
[22] discharges. As the oxygen concentration

increases, the density of helium ions decreases sharply,

while the density of Oþ
4 increases rapidly. In fact, themodel

predicts that Oþ
4 becomes the dominant positive ion at high

oxygen concentration (regime RG3). A similar trend was

observed in atmospheric pressure HeþN2 discharges,

where Nþ
4 was found to be more abundant than Nþ

2 at

nitrogen concentrations above a few hundred ppm[42]

and in atmospheric pressure HeþH2O discharges

where charged water clusters were more abundant

than H2O
þ.[22,38] It is noted that larger ions (e.g. Oþ

6 )

are not considered in the current model due to lack of

reliable data. Regarding negative ions (Figure 2b), O� is the

dominant one at low oxygen concentration, and O�
3

becomes dominant at [O2]> 2 000 ppm as a result of three

body collisions (R164). This trend contrasts with that

observed in low pressure oxygen plasmas where O�
3 is not
: Oþ
2 ; : Oþ

4 ; b) negative charged species: : e; : O�;
: O(1D); : O(1S); : O2(b); : O2(a); d) other neutral species:
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Figure 3. Density of dominant ionic species as a function of
the oxygen concentration. : Heþ2 ; : Oþ

2 ; : Oþ
4 ;

: O�; : O�
3 .Solid line: full model; dotted line: simplified

models.
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abundant.[39,40] Figure 2b also indicates that the

discharge becomes electronegative (i.e. density of negative

ions>density of electrons) for oxygen concentrations

above �0.2% and that at that point the electron density

starts to decrease with increasing the oxygen concentra-

tion. Since at high oxygen concentrations, the discharge is

dominated by oxygen species, this trend is similar to that of

pure oxygen plasmas.[44]

The density distribution of excited neutral species in the

plasma is shown in Figure 2c. Atomic and dimer helium

metastables are the most abundant excited species at low

oxygen concentration ([O2]< 10ppm), while atomic and

molecular metastable oxygen are dominant at higher

oxygen concentration. This trend is the result of the

increasing loss of helium excited species due to Penning

processes, the consequent decrease in electron tempera-

ture,andthe increasingpresenceofoxygeninthedischarge.

Thepredicted density ofO2(a) at high oxygen concentration

is in agreement with recent experimental observations in

an atmospheric-pressure HeþO2 discharge.[41] It is noted

that the density of helium dimermetastables is lower than

that of atomic helium metastables. This is opposite to the

results obtained in other fluid models of helium atmo-

spheric pressure discharges[40,41] and it is attributed to the

zero dimensionality of the global model. Since global

models average over sheath and bulk, the average electron

temperature in the plasma is higher than the bulk electron

temperature in fluid models, enhancing the production of

He� over He�2. Figure 2c also indicates that excited atomic

oxygen species O(1D) and O(1S) reach a maximum density

when the oxygen concentration is�0.5%. Although atomic

oxygen metastables are not easily measured experimen-

tally, this trend of O� species is qualitatively in agreement

with experimental observation of the optical emission

intensity at 777nm from O(5P).[42,43] Figure 2d presents the

density distribution of other neutral species, namely,

atomic oxygen,O3 andvibrational excitedO2. TheOdensity

reaches its maximum at [O2]� 2%, which is in qualitative

agreement with other modelling and experimental obser-

vations.[21,44,45] The existence of a maximum is attributed

mainly to the decrease in electron density, and the

increasing loss of atomic O viaO3 formation (see discussion

in sectionAnalysis ofphysicochemical processes inHeþO2

plasmas). It is noted that most HeþO2 based plasma

applications use oxygen concentrations in the range of

0.5� 3%,[46] which correspond to the region where atomic

oxygen species reach their maximum concentration: O�’s

peak at [O2]� 0.5% and ground state O at �2%. On the

contrary, the density of O3 continues to grow exponentially

with increasing O2, becoming more abundant than atomic

oxygen when [O2]> 2%. Although vibrational excitation of

molecular oxygen requires low energy, the density of O2(n)

is found tobemore thanoneorder ofmagnitude lower than

that of atomic oxygen, and this is attributed to the high
Plasma Process. Polym. 2010, 7, 846–865
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collisional quenchingofO2(n) (R246), and the relativelyhigh

electron temperaturepredicted in themodel (seediscussion

in sectionAnalysis ofphysicochemical processes inHeþO2

plasmas).

Simplified Models, Their Accuracy and
Robustness

Figure 2 clearly indicates that the plasma composition

depends strongly on the oxygen concentration. Most

plasma species undergo density variations of orders of

magnitude, andasa result, a single simplifiedmodel cannot

capture accurately the chemistry at play for all oxygen

concentrations. Therefore, three regimes are considered

here and three simplified models are proposed (see Table 1

and2). The simplifiedmodel 1 (RG1) contains 13 species and

24 reactions, the simplified model 2 (RG2) contains 17

species and 41 reactions, and the simplified model 3 (RG3)

contains 15 species and 50 reactions. The chemistry

complexity of HeþO2 plasmas is therefore lowered by a

factor of 5 to 11with the simplifiedmodels. As an example,

Figure 3 shows the densities of the dominant ions as a

function of oxygen concentration, using the fullmodel (267

reactions) and the three simplified models. Although

Figure 3 (and similar data obtained for all the other relevant

species) validates theaccuracyof thesimplifiedmodels, this

does not guarantee that the same level of accuracy is

achieved with the simplified models under different

plasma conditions. Therefore, the robustness of the

simplified models to changes in the discharge conditions

is investigated next. The plasmaequilibriumconditions are

expected to change as a function of the surface to volume

ratio (S1/V and S2/V) of the plasma (see Equation 1).

Therefore, we assess the robustness of the proposed

simplified models by comparing simulation results of the

simplified models against the results of the full model for
DOI: 10.1002/ppap.201000049
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various gap (g¼V/S1) and electrode radius (r¼ 2V/S2)

values (Figure 1). The error introduced by adopting the

simplified models is quantified by the root mean squared

error (RMSE) with respect to the results obtained with the

full model, i.e.:
Fig
den

Plasma

� 2010
RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Nm

XNm

i¼1

nis�nif

nif

� �2

vuut � 100% (3)
where, Nm denotes the total number of main species in the

simplified model, nis the density of ith main species

obtained with the simplified model and nif the one

obtained with the full model. The RMSE is shown in

Figure 4. In Figure 4a–b, the S1/V and S2/V ratios vary by a

factor of 4, exploring the typical dimensions of experi-

mental cold atmospheric-pressure plasmas in a plane-to-

plane configuration. The RMSE is less than 20% for every

case, indicating that the simplified models are capable of

capturing the main chemical processes despite changes in

the plasma source geometry.

According to Equation 2, the input power density (Pin/V)

affects the electron effective temperature and thereby the

source terms in the particle balance equation (Equation 1).

For a HeþO2 RF glow discharge, the input power used in
ure 4. Accuracy of simplified models for plasmas with (a) differen
sity, and (d) different gas temperature.
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experiments is typically 20–70W � cm�3,[23] so in this study

we assess the validity of the simplified models by

simulating discharges with 20, 40, and 80 W � cm�3. The

results are shown in Figure 4c and again, the RMSE is found

to be less than 20% for a four-fold change in input power. In

addition, the particle balance also depends on the gas

temperature and the gas flow rate. In cold atmospheric-

pressure plasmas, the gas temperature is typically kept

near room temperature. In particularly, for applications in

plasmamedicine, thegas temperatureoften remainsbelow

40 8C.[1] A quantification of the error introduced by the

simplified models when the gas temperature is changed

from 300K to 600K is shown in Figure 4d. Once more the

RMSE is found to be less than 20%.

Finally, the influenceof thegasflowintheaccuracyof the

simplifiedmodels is assessed by varying the flow rate from

0 to 1 slm. In this range, the gas flow rate is found to have

negligible impact (figure not shown). It is noted that

the gas flow is known to influence the uniformity of the

discharge and the gas temperature. These dependences,

however, are not captured in the global model. It is noted

that Figure 4a–d present discontinuities at the boundaries

between the three simplified models, i.e. at 10 and

5 000ppm. This is due to different species being taken into

account in each of the simplified models. In addition, it is
t gap size, (b) different electrode radius, (c) different input power
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also noted that the RMSE in the high oxygen concentration

regime RG3 is higher than that in RG1 and RG2. That is

because in RG3 there are a larger number of reactions with

relative contributions in the 1–5% range. These reactions

are not incorporated in the simplified model, and collec-

tively impact on the final accuracy. Nevertheless, the

proposed simplified models capture the physicochemical

processes of the discharge with 20% accuracy with respect

to the full model.
Figure 6. Relative contribution of processes leading to a) gener-
ation and b) loss of electrons. : Penning ionization; :
Electron impact ionization; : Collision detachment; :
Dissociative recombination; : Boundary loss; : Attach-
ment. Results obtained with the full model.
Analysis of Physicochemical Processes in
HeRO2 Plasmas

Simulation results discussed in the remaining of the

manuscript are obtained with the full chemistry model.

The dependence (at a constant input power of 40W � cm�3)

of the electron density and effective electron temperature

on the oxygen concentration is shown in Figure 5. The

effective electron temperature is on the order of 2.4 eV and

the reduced electric field required to sustain the discharge

�6 Td. These values, however, need to be interpreted with

caution, as they result fromazero-dimensional analysis, i.e.

they represent a weighted average of the temperature and

field across the discharge. At low oxygen concentration

([O2]< 200ppm), the effective electron temperature is

found to decrease and the electron density to increase

with increasingoxygencontent. This ismostlyattributed to

the increasing contributionof Penningprocesses (including

metastable pooling reactions) to the electron generation

(see Figure 6a). Above an oxygen concentration of 200ppm,

however, the trend reverses, i.e. the electron temperature

increases and thedensitydecreaseswith increasingoxygen

concentration. In this range, the contribution of Penning

ionization decreases due to the reduction of the available

helium metastables in the plasma (see Figure 2c). At the

same time, as the oxygen concentration increases, so does

the electron loss via attachment (R47, R49 and R52
Figure 5. The electron density and electron temperature as a
function of oxygen concentration. Results obtained with the full
model.
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primarily) (see Figure 6b), which ultimately leads to the

reduction in electron density and the increase in tempera-

ture shown in Figure 5. In order to identify the dominant

processes responsible for the generation and loss of

electrons, their relative contributions are presented in

Figure 6. Figure 6a shows that Penning ionization (R205,

R211, etc.) is important, even dominant, for the generation

of electrons when the oxygen concentration is less than

�5 000ppm. The contribution of electron impact ionization

(R3, R4 and R10 primarily) first decreases, reaches a

minimum at [O2] �50ppm, and then increases at higher

oxygen concentrations. This trend reflects the changes in

electron temperature shown in Figure 5. At low oxygen

concentration, electron-impact of He and He� is the

dominant electron-impact ionization process, whereas at

high oxygen concentration electron-impact of oxygen

molecules dominates. Despite the lower concentration of

oxygen (< 10%), electron-impact ionization of oxygen

molecules can dominate over helium ionization due to the

lower ionization threshold of the oxygenmolecule (12.6 eV

forO2vs. 24.6 eV forHe). Finally, it is interesting tonote that

detachment processes (R117, R120, R121, R127 and R131

primarily) contribute significantly at high oxygen concen-
DOI: 10.1002/ppap.201000049



Figure 8. Power deposition as a function of the oxygen concen-
tration. : He elastic collisions; : O2 elastic collisions;

: He ionization (includes stepwise ionization); : O2 ion-
ization (includes stepwise ionization); : He excitation;

: O2 electronic excitation; : O2 vibrational excitation;
: O2 dissociation (includes dissociative excitation and disso-

ciative attachment); : Electrode boundary loss. Results
obtained with the full model.
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tration. This is an indication of a high density of negative

ions at high oxygen concentrations (see Figure 2b).

Regarding electron losses, these are dominated at low

oxygen concentration by electrons escaping the discharge

through the boundaries. As already mentioned, however,

electron attachment (R47, R49 and R52 primarily) increases

with increasing the oxygen content and in fact it becomes a

dominant electron loss mechanism for oxygen concentra-

tions above a few hundred ppm. Electron-ion recombina-

tion is found tobenegligible for the conditions encountered

in typical cold atmospheric pressure discharges. This

mechanism, however, could be important in discharges

with higher plasma density. Although the electron density

starts to drop at oxygen concentrations above �200ppm,

the degree of ionization continues to increase with

increasing oxygen concentration (see Figure 7). This is a

combined effect of the lower energy required to ionize

oxygen species, and the increasing electron attachment in

the discharge. As a result, the electronegativity of the

plasma, i.e. the ratio between the number of negative ion

and that of electrons, is almost proportional to the oxygen

concentration. A similar electronegativity trend has been

observed in low pressure ArþO2 plasmas.[28] The model

predicts an electronegativity of 1 at an oxygen concentra-

tion of �0.2%. The increasing electronegativity affects the

electron density, and it translates experimentally in the

need for higher voltage to ignite and sustain the plasma.[23]

Finally, the energy dissipation in the discharge (Figure 8)

is discussed here. Collisions (second term in the right hand

side of equation 2) consume more energy than the

boundaries (last term in the right hand of equation 2),

indicating thatmorepower is coupled to theelectrons in the

bulkplasmathanto ions in thesheaths.This is inagreement

with other modeling works of atmospheric pressure

plasmas.[47] It is interesting to note, however, that, while

losses via elastic collisions dominate at low oxygen

concentration, losses via inelastic collisions become domi-

nant at high oxygen concentration. This trend reflects the
Figure 7. Degree of ionization and electronegativity of a HeþO2
plasma as a function of the oxygen concentration. Results
obtained with the full model.
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evolution of the electron temperature, the increasing

significance of electron attachment and the lower (8-fold)

energy loss in elastic collisionswithO2molecules thanwith

He atoms. In particular, at high oxygen concentration,

the electron energy is channeled into O2 dissociation.

In addition, the increase in oxygen content introduces

another route of energy dissipation: vibrational excitation.

Although O2(n) is often neglected in numerical studies,

significant amount of energy can be dissipated via

vibrational excitation due to the low energy required to

excite theoxygenmolecules. It canbe seen that inRG3more

than 1% of the input power is consumed by vibrational

excitation. This is likely to be an underestimation, since as

mentioned earlier, the electron temperature in the global

model (Figure 5) is likely to be larger than that encountered

in the bulk plasma. With a lower electron temperature in

the bulk, the fraction of energy consumption in vibrational

excitation would be higher,[15] and therefore vibrational

excitation should not be neglected when the oxygen

concentration is high.
Source of Reactive Oxygen Species (ROS)

HeþO2 plasmas are a good source of reactive oxygen

species (ROS) and in this section we analyze the main ROS

produced in these discharges. One of the most abundant

ROS produced in HeþO2 plasmas is ground state atomic

oxygen, and its generation has received a lot of attention

recently because O is believed to be an important

antibacterial agent.[48] The oxidation potential of atomic

O is even higher than that of ozone (2.42V for O vs. 2.07V

for O3) and second only to fluorine (3.03V) and hydroxyl
www.plasma-polymers.org 861
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radicals (2.8 V). The relative contribution of the processes

leading to the gain/loss of ground state atomic oxygen is

illustrated in Figure 9. Figure 9a indicates that more than

half of the atomic oxygen is directly generated by electron

impact reactions, including dissociation (R25), dissociative

excitation (R26 and R27) and dissociative attachment (R47).

Nevertheless, about a 40% of the ground state atomic

oxygen is generated via collisional quenching of oxygen

metastables. The cross section for dissociative excitation

of O2 to form O(1D) is large (R26),[49] and as a result

quenching of O(1D) (R215, R216, R217 and R220) is a

significant process for generating ground state oxygen. At

low oxygen concentration, the quenching is mainly caused

by helium atoms (R120) and, as the oxygen concentration

increases, quenchingbyO2moleculesbecomes increasingly

important (R215-217). At high oxygen concentrations, the

quenching of O2(b) by O3 (R241) molecules also contributes

to thegenerationofgroundstateatoms. Similar trendshave

been observed in ref.[20] The processes leading to the

destruction of ground state atomic oxygen are shown in

Figure 9b. At low oxygen concentration, the loss of atomic

oxygen is mainly due to sidewise diffusion. Therefore, an

enclosed chamber and low flow rates are beneficial to
Figure 9. Processes contributing to a) generation and b) loss of
ground state atomic oxygen. : Electron impact reactions;

: Metastable quenching; : Other generation processes;
: Formation of O3 due to three-body reactions; : Elec-

trode loss; : Sidewise advection; : Other reduction pro-
cesses. Results obtained with the full model.
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increase the ground state oxygen concentration. In addi-

tion, about 10% of the ground state atomic oxygen is

consumedbysurface reactions (seeTable3). It isknownthat

different material and surface conditions have different

surface reaction probabilities, and therefore the yield of

atomic oxygen can also be improved by selecting a non-

catalyst electrode with smooth surface. At oxygen con-

centrations above �1000 ppm, the formation of O3 via

three-body reactions (R258andR259primarily) becomesan

increasingly important mechanism for the loss of ground

state atomic oxygen. Besides ground state atomic oxygen,

HeþO2plasmasproduceother reactiveoxygenspecies that

are relevant for biomedical applications. Figure 10 presents

the densities of ground state atomic oxygen, excited atomic

and molecular oxygen, and ozone as a function of the

oxygen concentration in the feed gas. The maximum

concentration of ROS is found to be at �2% of oxygen

concentration, which agrees qualitatively with other

simulation results and experimental observations.[21,49,50]

The ozone density is found to be orders of magnitude

smaller than the density of ground state atomic oxygen,

although it increaseswith increasingoxygen concentration

(Figure 10). As observed in reference,[1] the ozone density

reaches�10% the density of ground state atomic oxygen at

[O2]� 0.5%. These values assume a well control environ-

ment. In many practical scenarios, however, the plasmas

are often operated in open air ([O2]air �21%), and therefore

the ozone generation may be strongly favored in the

afterglow. The density of excited atomic oxygen O� is �2

orders ofmagnitude lower than the density of ground state

O and it peaks at an oxygen concentration of �0.5%, in

qualitative agreement with experimental observa-

tions.[47,48] On the other hand, the density of excited

molecular oxygen O2
� is comparable to that of O. It is noted

that these excited species, although less abundant than O,

can bemore efficient in reacting with biological substrates

as they carry additional energy that can assist in breaking

existing chemical bonds. Although overlooked in many
Figure 10. Density of reactive oxygen species. : O; : O3;
: O(1D); : O(1S); : O2(b); : O2(a). Results obtained

with the full model.
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plasma studies, these species are well-known in the free

radical biology community.[50] In addition to neutral

species, some negatively charged ions are also well-known

oxidizers in biological systems (e.g. super-oxide O�
2 ).

[55] In

RFplasmas,however, theambipolarpotential is expected to

confine negative ions and therefore these species would

probably play a minor role. Nonetheless, in pulsed

discharges their flux of negative ions should be larger

and then O�, O�
2 , O

�
3 and O�

4 should also be taken into

account. Experimentally, theemissionat777nmfromO(5P)

and 845nm from O(3P) are usually used to infer the atomic

oxygen content in the discharge.[47,48,51] However, it is

noted that in atmospheric pressure HeþO2 plasmas the

density evolution of O� and O may not be the same. As

shown in Figure 10, the evolution of O� and O as a function

of the oxygen content are significantly different when the

oxygen concentration is above 1000ppm (typical regimeof

operation). This is because the quenching rate of O� by O2 is

several orders of magnitude higher than that by He and

therefore at high oxygen concentrations (> 5 000ppm) the

density of O� starts to decrease, while the density of O still

increases. Although O(5P) and O(3P) are not explicitly

considered in the global model, a similar trend to that of O�

should be expected as their quenching rate byO2molecules

is two orders of magnitude larger than the quenching rate

by He atoms (�7� 10�10 s�1 by O2 vs. 7� 10�12 s�1 by

He).[52,53]

Finally, it is recognized that only species crossing the

sheathswill reactwithabiological sampleandthereforewe

present the main fluxes in Figure 11. Given the neutral

nature of the reactive oxygen species discussed above, their

density in the discharge and their flux to the electrodes

follow the same trend. This is not the case, however, for all

charged species. Superoxide (O�
2 ) and other negatively

charged species are confined in the bulk plasma by the
Figure 11. Flux of different species on the electrode surfaces as a
function of oxygen concentration. : Electron (or positive
ions) : Helium metastables; : Ground state O; :
O� (O(1D) and O(1S)); : Electronic excited O2 (O2(a)
and O2(b)); : Vibrational excited O2; : O3. Results obtained
with the full model.

Plasma Process. Polym. 2010, 7, 846–865

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ambipolar potential and their flux to the walls is therefore

negligible. As shown in Figure 11, the flux of helium

metastables rapidly reduces with increasing the oxygen

concentration and the flux of charged species (note that the

total flux of positively charged species is equal to the flux of

electrons) is also much smaller than the flux of neutral

reactive oxygen species.
Conclusion

A comprehensive model of the chemistry of cold atmo-

spheric pressure HeþO2 plasmas that includes 21 species

and 267 chemical reactions is presented. By detailed

analysis of the simulation results, 3 simplified models

are proposed to model these plasmas when the oxygen

concentration ranges between 1ppm and 10%. The

simplified models reduce the number of reactions by a

factor of 5–11, while capturing the main physicochemical

processeswithanaccuracybetter than20%. The robustness

of the simplified models against changes in discharge

geometry, input power and gas temperature has also been

assessed and it is found that the proposed models remain

accurate in a wide range of relevant experimental

conditions. Therefore, the simplified models provide a

valuable subset of reactions that can be incorporated in

more complex simulations where computational cost

prevents the use of very large chemistry models.

As the oxygen concentration increases from 1ppm to

10%, the HeþO2 plasma undergoes a mode transition. At

low oxygen concentrations, the electron density decreases

and the density increases due to Penning ionization of

oxygen molecules. For oxygen concentrations above

200ppm, however, this trend reverses and the electron

temperature starts to increases and the density to decrease

with increasing oxygen concentration. This is attributed to

the growing role of electron attachment that leads to the

formation of an electronegative discharge for [O2]>�0.2%.

It is also noted that, as the oxygen concentration increases,

the main electron energy dissipation shifts from elastic

collisions with He atoms to dissociative excitation and

attachment of O2. HeþO2 plasmas are shown to be a good

source of reactive oxygen species (ROS). Although major

attention has been devoted to ground state atomic oxygen,

it is shown that HeþO2 plasmas create a cocktail of ROS

that also incorporates large amounts of singlet oxygen and

ozone, free radicals well known in biology.

Diffusion/advection governs the loss ofmany of the ROS,

and therefore operation in an enclosed chamber with low

flow rates and the use of electrodes with low surface

reaction probability are suggested as routes to increase the

density of these species in the plasma. It is also shown that

the emission intensity at 777nm and 845nm commonly

used experimentally to infer the concentration of ground
www.plasma-polymers.org 863
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state O is not precise, as O� and O present different

evolutions at oxygen concentrations above 1 000ppm.
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