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The Efficiency of Radicals Production by Positive
Streamer in Air: The Role of Laplacian Field

Andrei A. Kulikovsky, Member, IEEE

_ Abstract—Two-dimensional modeling of positive streamerinthe - corona. According to [6] in pure N the energy cost of one N
air between a point anode and a plane cathode is performed. A atom production by means of streamer corona is about 300 eV.
number of radicals (excited molecules and atoms) produced by a ¢ rrently, this technology is more expensive than the electron

streamer is calculated. The streamers near sharp and dull anodes b . h dical ted i b
are simulated. The sharp anode has five times smaller radius of tip P€aM Processing, when radicals are generated in a gas Dy

curvature, and three times higher Laplacian field atthe tipthanthe  €lectron beam. The cost of N atom in pure iXadiated with

dull one. The results show that near the sharp anode, the streamer the beam is about 80 eV [6].

produces radicals ten times faster and at lower energy cost than  The efficiency of streamer corona, however, depends on

near the dull anode. The mean energy cost of one radical is 10 eV. a number of factors, such as the geometry of electrodes,
Index Terms—Plasma cleaning, streamer breakdown, streamer voltage pulse parameters, gas pressure, etc. In the past five

corona. years, two-dimensional models of streamer in nonuniform

fields in air [7]-[11] and flue gas [12] have been developed.

These models allow one to simulate streamer dynamics and

] ) ) the generation of species, and to investigate the influence of

T HE USE of streamer discharge in plasma chemistry h@gternal parameters on species production. The present work is

been a subject of numerous works during the past 20 yeaigyoted to investigation of the influence of the Laplacian field

between overvolted electrodes. One of the electrodes canfgicals generation.

sharpened, thus, the high Laplacian field is then concentrated
near that electrode. The streamer is originated in a high field,

and then propagates toward the other electrode, where the field
is low. A. The Model of Streamer in Air

Such a geometry (e.g., wire anode and coaxial tube cathodehree types of charged species arise in the air under the ac-
is usually used in pulsed streamer corona devices [1]-{3].tlén of a high electric field: 1) electrons; 2) positive ions; and 3)
produces multiple streamers in a large discharge gap, applyifshative ions. The properties of streamer plasma are determined
voltage pU|SES of reIativer low amplitude (10—100 kV) Th@y the number densities of these Spegmp’ andn,,, respec-
variants include dielectric barrier discharge, when a thin dle'e@ve|y' and by an electric field. Neither the currentin streamer,
tric covers one of the electrodes, or a discharge in a space fillgsk the rate of field variation can produce significant magnetic
with dielectric pellets [4]. field. The electric field is, hence, described by the Poisson equa-
In all these cases, the chemical reactions in a gas are induggf for electric potential.
by species generated in the streamer head. The electrons anhe mass of ions (both positive and negative) is much larger
shifted with respect to ions in the head, and the resulted polariggan that of the electron. It allows to neglect ions motion in the
tion field facilitates production of new electrons which destroyourse of streamer propagation. This assumption is valid for
and excite molecules. The physics of the streamer discharge §&ért (about several centimeters) streamers. For long streamers,
been investigated since Rogowski [5] discovered the effect\ghen time of streamer propagation is larger than 100 ns, the mo-
1928. The energy of electrons in the streamer head is abggh of ions may be essential.
10 eV, which is optimal for molecules excitation and dissocia- Physically, the most important region of streamer is its head,
tion. While moving, the streamer head produces both atoms agfere high field arises due to separation of charges. One may
excited species. These chemically active species (radicals) thgdally assume that the length of electron energy relaxation is
initiate multiple chemical reactions in a gas, leading to removluch less than the characteristic space scale of field variation.
of harmful components. It means that the electron energy distribution function (EEDF)
Recent experiments on gas cleaning by means of pulsgdn equilibrium with the local value of reduced field/n (n
streamer discharge showed, however, low efficiency of streantgifing the number density of molecules). Thisal field ap-
proximation is very essential, as it gives way to use hydrody-
namics for description of electron gas. It also allows one to cal-
Manuscript received November 4, 1999; revised December 6, 2000. culate EEDF and rate constants of electron-molecules reactions
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I. INTRODUCTION

Il. THE MODEL
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Streamer dynamics are described by the following system of TABLE |
equationS' LIST OF RACTIONS AND PARAMETERS OF THEIR RATE CONSTANTS (9) (DATA
' OF [18]). N2(A) STANDS FORN (A*T 1), No(B) FORN2(B®*I1, ), Na(a’)
. . FORN2(a’*X; ) AND N2(C') FORN2(C?II,)
One  10rjer)  Ojes ’
— - + == :Sph + Sz - Satt - Lep (1)

at v Or 9z Reaction A (em®s71) [ B (Td)
an e+ Oy — e+ OFP) +O(P) [ 1077° 134
L =S+ S —Lep — Lpn  (2) e+ 0y = e+ O3P) + O('D) | 1078 169
ot ¢+ 0y = e+ O(P) + O'S) | 10782 119
onn, S . _1 3) e+ Ny — e + No(A) 10784 140
gr _ Catt T pm e+ Ny = e + Ny(B) 10782 148
. e+ Ny = ¢ + No(W? B’) 10783 154
AV =——(ny,—ne—ny) (4) e+ Ny = e+ Nyo(B) 10787 168
o e+ Ny = e+ Ny(a) 10788 167
e+ Ny = e+ Ny(a,w!) 10785 174
where e+ Ny — e + Ny(a') 10787 175
. e+ Ny —+ e + Ny(C) 10782 211
Je =—D.Vn. — p.En. )] e+ Ny = e + Ny(E,a") 10-101 254
e+ Ny - e+ NQ(E) 10792 262

is electron flux,E is electric field strengthE = —VV, V po-
tential, n is number density, and and ., are diffusion coef-

-7 .
ficient and mobility, respectively. Subscripts,” “ p,” and “n” *: 10 — Lowke and Momow 4
refer to electrons, positive, and negative ions, respectively, and ‘£ oo, 7" Cuemaetal
“e"in (4) is the absolute value of electron charge. =

The right-hand sides of (1)—(3) describe the rates of charged § 10-11%
particles production and loss. Tl is the rate of molecules 5 1
ionization in collision with electronss,,;, the rate of photoion- ; 1018 / No+e->N+N+e .
ization in a gasSy:; the rate of electrons attachment to oxygen & 10150 R
molecules L., the rate of electron—positive ion recombination, 10 100 1000
Ly the rate of positive—negative ions recombination. E/n (Td)

The expressions fa§;, Sast, Lep, andL,,, are given in [13],
[8]. The calculation of the rate of photoionization is based drig- 1. Nitrogen dissociation rate constant. Solid line: the fit (8) of data [19];
the model [14], and is described in [15]. The details of numef2shed line: the data of [20].
ical solution of system (1)—(4) can be found in [16] and [17].

Boundary conditions for that system are described in[8]. 'S not given in [18], and was taken from [19]. Lowke and
Morrow [19] calculated EEDF and the rate of nitrogen dis-

B. Generation of Radicals sociation for the flue gas. The energy of Missociation is
Th ¢ 1)—(4) defi th luti f electron d rather high, and the rate constant of that process is defined
e system (1)~(4), defines the evolution of electron eBS/ high-energetic tail of electron energy distribution function,

Em a_r:]d ?rl]zcstgc glelgslno;heerrfgurcs::IcOflz;téetir:ir Eqrggf‘g?tr'gg{nere no vibrational excitation of flue gas molecules occurs.
wing values, y u u or that reason, ionization coefficients in air and flue gasses

ca_I?hgenerabted dby thte strtfaarr(;gr Iln thfe ar. 4 obevs th are close to each other. One may, therefore, expect, that this is
€ humber density, ofradicals ot a Sof 0beys the €qua- e for the nitrogen dissociation rate constant. We interpolate

tion data [19] with the following expression:
an
— = Saka£ par e (6) E/TL 680
ot ! _ -8, [&/T U 3 -1
k=4 x 10 5500 &P < E/n) cm” -8 (8)
where B
Epar fraction of parent molecules (Qor N,) in the where E/n is in Td (1 Td= 107! V -cm?). Fig. 1 shows
air; comparison of the rate constant (8) with the one given in [20].
Sq stoichiometric coefficient; Both dependencies are in good agreement.
k.(E/n) rate constant. The rate constants of reactions, listed in Table I, have the form
In dry air, the most radicals produced are oxygen and nitrogen
y p Y9 g ko = A, 10~ Be/(B/m) 3 =1 (9)

atoms, and excited nitrogen molecules. The channels of oxygen
and nitrogen dissociation, and excitation of nitrogen metastalg\llvie1
states are reviewed in [18]. Following [18], the reactions Iistew
in Table | were taken into account. Note that in [8] a reduced se
of reactions was used, which led to overestimation of the mean
energy cost of each specie (see Section IlI).
The rate constant of nitrogen dissociation The streamers were simulated in atmospheric pressure air
(p = 760 torr, T" = 300 K) in a 2-cm gap between the curved
c+Ny —e+N+N (7) anode and a plane cathode. Cylindrical coordinates with the

ereE /n is in Td. The corresponding parametets and B,
g[ere taken from [18] and are listed in Table I.

I1l. RESULTS AND DISCUSSION
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Fig. 2. The two anodes used in simulations. 207 }
TABLE I 15: r]
PARAMETERS OF THEANODES (10) = 19 r ®
S 19r 7
a (cm) | b (em) | Tunoge (cm) 'g ]
Anode 1| 0.32 2 0.0512 e
Anode 2 | 0.15 2 0.0113 g L
< 18¢ 1
origin at the cathode surface opposite to the anode tip were used. I 1
The z axis is directed toward the anode tip. - Ne Anode 1 |
Two anodes were considered: dull (Anode 1) and sharp 17 e
(Anode 2) (Fig. 2). Both have a form of hyperboloid of
revolution 5ol ]
z\2 7\ 2 "
()G o |
b a £
0 - -
wherea and b define the radius of curvature of anode tip: g 4gl ]
Tanode = @2/b. In both casesh = 2 cm (the gap distance). E= H 1
Parameters: and b, and the radii of tip curvature for both a
anodes, are given in Table Il. The radius of tip curvature of Tg L 4
Anode 1 is almost five times higher than that of Anode 2. < 18 8
Under the same applied voltage (10 kV), it gives three times ] ]
lower Laplacian field near the tip (Fig. 3). » ]
To initiate streamer, the small spot of a seed plasma was I IE' T B
placed near the anode tip. In both cases, the seed plasma hac 0.10 0.00 0.10
the same shape: Radial position (cm)
np(ry 2)l=0 =ne(r, 2)|=0 Fig. 4. Contour lines of electron density and absolute value of electric field

Anode 2. Top maps: Electron density. Bottom maps: Absolute value of electric
field strength. Electron density contours are labeled with the power af(0:

to 10%* cm—2. The outermost contour i) cm~2 in both maps. Electric field
contours are 30, 50, 70 . kV/cm.

L\ 2 2 for the moment 5 ns for the two anodes. Left pair of maps: Anode 1. Right pair:
7 Z— 20

=ngexp | — <0—) — < ) (12)

”

with no = 101* cm2, 5. = 0.01 cm, o, = 0.02 cm, and
zg = 1.985 cm. Initially, there were no negative ions in the gap.
In both cases, the applied voltage was 10 kV. Fig. 5 shows the contour lines of the rate of nitrogen atoms
It should be emphasized that the only difference between twooduction (the right hand side of (6) for nitrogen atoms). It is
variants is the shape of the anode. All other parameters, geen, that the streamer near the sharp anode produces N atoms
cluding initial and boundary conditions, remain the same. Thisuch faster. This conclusion is also true for the other species.
allows to elucidate the role of the Laplacian field near the tip iRig. 6(a) shows the dependence of amount of produced species
production of radicals. on time. It is seen that the streamer near the sharp anode pro-
The streamers for both variants at the moment 5 ns are shadutes all radicals almost ten times faster than the streamer near
in Fig. 4. It is seen that near the dull anode, the streamertliee dull anode. Fig. 6(b) displays the energy cost of the overall
narrower and shorter than near the sharp one. The high-fialshount of species shown in Fig. 6(a). In 1.5 ns, the streamer
region occupies a much larger volume, in case of a sharp anagear the sharp anode becomes more effective than near the dull
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one. The mean energy cost of one specie for the sharp anode is (b)
as low as 10 eV. Fig. 6. (a): Total number of species, produced by the two streamers. Dashed

One must be careful in determining the energy cost of oxygétives: Streamer near dull anode (Anode 1). Solid curves: Streamer near sharp
atoms. To avoid confusion, it should be noted that the cost of t Zﬂiéﬁ'&?gee: i’aé?; ﬁeggigncirgéfzitozge;‘_c“ specie for the two streamers.
atom is twice as low as the cost of each dissociation event. The
number of O atoms produced in the reactions, listed in Table |, is ]
shown in Fig. 6. The energy cost of each O atom, at the momé&i§Pend only on gas pressure, but not on applied voltage and
10 ns, is about 55 eV for Anode 1, and 39 eV for Anode 2. Hovitnode geometry. The streamer shown in Fig. 4 (Anode 2), is

ever, in both cases, the most generated active species are ex8ggquilibrium in that sense. This is the reason for its better

nitrogen molecules, Fig. 6(a). These molecules are rapidly cdiftrformance. _
verted to oxygen atoms in the reaction The presented formulation of the problem assumes that the

voltage is applied to the anode instantly. In practice, however,
N5+ 02 = N2 +0+40. (12) high voltage generators provide pulses with finite rise time, and
the formation of streamers also depends on voltage rise time.
The energy cost, presented in Fig. 6(b) is, from a practical pointConsider a long wire anode. If the voltage rise time is large,
of view, the cost of an oxygen atom. This should be taken intoost of the streamers will start before the voltage reaches peak
account when comparing these data with measurements. value. These streamers grow and propagate initially in the low
The results presented show that the sharp anode has evidiefd, that is they are the “equilibrium” (with a small radius), and
advantages over the dull one. Due to a higher Laplacian fielthve poor efficiency of radicals production. If the voltage rise
the streamer near the sharp anode is created with a higher hirad is small, the voltage grows faster than the streamer moves,
radius; it produces species faster and on time scale 10 ns dimel one may expect formation of nonequilibrium streamers near
mean cost of each specie is lower. the anode. Hence, to ensure high performance of species pro-
In [8], and [10], we have reported the values 35 and 3fuction, it is beneficial to create a high field near the anode as
eV/specie, respectively, resulting from numerical simulatidiast as possible, and to interrupt the voltage pulse before the
of streamers in similar conditions. However, in [8] and [10Jstreamers will loose efficiency. Today, the generation of short
among possible channels of nitrogen excitation, only produgtlses in large-scale setups is hardly possible. However, such
tion of No(A%s) was taken into account. The set of reactiongulses can be generated in a small gaps ¢m). Besides, the
used here (Table 1) takes into account all the channels hfjh voltage technology progresses, and one may expect that, in
nitrogen excitation recommended in [18] which lead to lowehe future, this problem will be solved.
energy cost. In experiments on streamer corona cleaning, the voltage rise
A streamer near the sharp anode cannot proliferate far iibme is usually hundreds of nanoseconds to microseconds [3].
the low field region. One may assume that it is then transformébhder such voltage pulses streamers form in the low Laplacian
into a streamer with smaller radius of head [15]. The effect @iEld, and this may be a possible explanation of their low effi-
the energy cost reduction, therefore, is caused by the high fieigncy.
near the anode. Thisis in line with the prediction [15], thatinlow On a time scale of tens of nanoseconds, another essential
field only the equilibrium streamer can exist, whose propertiehannel of energy consumption arises: vibrational excitation of
N . , , B nitrogen molecules. The role of vibrationally excited nitrogen
For Nz (C*®I1,) the rate constant of (12), reported in [18],3isx 10—*°

cm?/s. Under atmospheric pressure itgivescharacteristictimeofnitrogende-@glgleculleS in plasma chemistry is not quite Clear'. Re(_:ently,
citation in reaction (12) about 0.5 ns. Knizhnik et al. [21] assumed that the energy of vibrational
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