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Dynamics of a barrier discharge at high overvoltage
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The dynamics of a strong barrier discharge is investigated analytically in the simplest model that
still keeps the essential discharge features. It is shown that at high overvoltage, the discharge
develops into the ionizing wave moving from the anode toward the cathode. The velocity of this
wave is found to be controlled mainly by the charge production rate in the cathode fall region and
can considerably exceed the characteristic ion velocity. The influence of the capacitor formed by the
dielectric layers on the discharge dynamics is analyzed. It is shown that, depending on the
magnitude of the capacitance, two qualitatively different charging regimes exi&008 American
Institute of Physics.[DOI: 10.1063/1.1618921

I. INTRODUCTION charge dynamics, and show that at high overvoltage the dis-
charge develops into an ionizing waysomewhat similar
Interest in barrier discharges is sustained by their wideo ionizing potential wave studied in the theory of
application in different areas including environmehtahd  streamers’°~?> whose velocity is determined primarily by
industrial>® The parametepD in these discharges ranges the charge production rate in the cathode fa&lF) region.
from a few to several hundred Torr cm which likens them toThis wave moves from the anode toward the cathode, result-
glow discharges. But in contrast to the latter, barrier dis-ing in contraction of the CF region and increasing the elec-
charges have a capacitive limiter to the current and are ogic field within this region. Then, in Sec. Il using a “step-
erated under ac voltagevith frequency from several kHz up like” approximation for the electric field, we obtain the basic
to several hundred kHzThe inherently transient nature of equations for wave parameters. In Sec. IV, we investigate the
the barrier discharge makes a systematic study of its dynanpropagation of the ionizing wave in the case when electrodes
ics important. are not covered with a dielectric, and point out two qualita-
In recent years, a number of computer simulations weréively different regimes: A fast regime of the wave propaga-
performed to investigate quite complicated models of theion and a slow one. The structure of the ionizing wave and
barrier dischargé=*®Taking into account a great diversity of the charge and plasma distributions in the gap are considered
physical processes, they are capable of answering marng Sec. V. The influence of the capacitance of the dielectric
practically important questions. Being a convenient tool forlayers on the discharge dynamics is considered in Sec. VI.
verifying hypotheses, they are also quite useful in developind>epending on the magnitude of this capacitance, quite dif-
analytical theories. First, an analytical study of barrier dis-ferent types of discharges are found. In Sec. VII, we discuss
charges considers a very weak discharge, when the distortidghe applicability and some generalizations of the results.
of the electric field in the gas gap can be negledfethe  Lastly, in Sec. VIII, we make several concluding remarks.
ideas developed in this work helped to solve some problems
related to the operation of the plasma display panels. In this
article, we consider the op.posne case Whgn Fhe Q|scharge i QUALITATIVE CONSIDERATION
very strong and the distortion of the electric field is crucial.
The geometry of barrier discharges can be quite compli-  we will consider a single discharge pulse in the gas gap
cated either due to the complexity of the discharge cell gepetween the plane electrodes covered by dielectric layers
ometry as in the case of plasma display pahet8or due to  (see Fig. 1 Let us recall that barrier discharges are operated
complexity of the spatial structure of the dischat§&’ To  at such values of parametpD at which electron avalanche
avoid geometrical aspects of the problem, we present a ongs controlled by the secondary emission of electrons from the
dimensional analytical treatment of barrier discharges initi-cathode surface. Therefore, the breakdown V0|tage in our

ated by a high applied voltage. We restrict our consideratioystem is determined from the well known Townsend condi-
to the case when the discharge gap is filled by pure noblgon,

gas, and use the simplest hydrodynamic model that still
keeps the essential features of the discharge dynamics. De- Ar=y[e*®t—1]-1=0, @
spite simplifications, our analytical approach provides insight, nere  is the Townsend ionization coefficient,is the sec-
into the interplay of different processes in barrier dischargesynqary electron emission coefficiet;is the electric field in
The plan of this article is as follows. In Sec. Il, We e gan and is the gas gap length. In the general case, the
qualitatively explain the mechanism controlling the dis- parameted 7 can be a measure of how far the system is from
the breakdown. It is equal to the number of extra ions created
dElectronic mail: vkhudik@plasmadynamics.com in the gap by the electron avalanche which results from one
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FIG. 2. Electric field at sequential time moments.

FIG. 1. Basic geometry.

of the current maximum. The characteristic time of the cur-
rent pulse is much greater then the ion transit time through

N —1
ion striking the cathode; hence, the growth rate of the posith® 98P:\in ™~ (L/vi)/Ar(Ejn)>L/v; .

tive charge in the ga@ (per unit electrode argds given by When the appllied voltage significantly exceeds the
breakdown voltagdi.e., when the parametek{>1), one
Q=A1jic, (2)  can expect that the discharge will evolve much faster. At the

L o ) beginning, the charge in the gap does not affect the electric
where the dot mearisde'rlvatlve andc is the ion compo- . field and grows exponentially at a rate determined by the
nent of the current density to the cathode. When the appheﬁnear theory (see Appendix A, caseAr>1): A~(1
voltageV,<Vy,, the derivativeQ<<0 and small amount of 1 ,) 4y, . According to this formula, the amount of charge
the initial seed charge vanishes without initiating a discharge, the gap doubles as ions move only a small distance
When the applied voltage is slightly higher than the break{— 4 ~1<L). For this reason, the ion distribution in the gap,
down voltage(i.e., when 6<A<1), the electric fieldE is  youghly speaking, follows the distribution of their source;
always close to the breakdown valtig, and the discharge and because this source depends on the coordinate as
evolves very slowly’ Since the charge on the dielectric Sur- ex{ o(L—x)], the bulk of the ions are accumulated near the
face at the cathode grows as=(1+y)jic, the change of anode(at the distance-«~1). Note that during the linear
the volume charge and the surface charge are connected afage, all of the electrons are quickly swept from the gap to

cording to the relationship the anode, and the negative charge in the gap can always be
_ A neglected.
Q= 1+T 0. 3 Accumulation of the positive charge in the gap is accom-
Y

panied by the decrease of the electric field in the small vi-
ExpandingAy in Taylor series near the breakdown, one cancinity (~a~') of the anode. When the charge amount
keep the first nonvanishing termiy~ SE(dA1/JE), where  reaches the magnitudg/4, the electric field at the anode
SE=E—Ey,. Formula (3) shows that|Q|<|co|, so that turns to zero. At this momer({which will be referred to as
many generations of ions leave the gap and collect on thenomentt,), the electric field near the cathodg;, still re-
dielectric surface before the surface cha¢gad, hence, the mains close to its initial value. If the growth of charge con-
electric field change noticeably. In other words, the ionstinued in the same way, the electric field near the anode
move in the adiabatically changing electric field, whose spawould become negativeecall that, according to Gauss' law,
tial distortion is negligible, and their spacial distribution hasthe electric field at the anodBq=E.—47Q). The negative
time to adjust to the instantaneous value of the field. Thereanode field blocks the passage of the electrons to the anode,

fore, the rate of change of the volume charge, which leads to their accumulation in the gap near the point of
_ zero electric field. It means that, in the vicinity of the anode,
Q=AQ, (4)  theion charge is compensated by the detained electrons, and

étge total charge in the gap stays at such a level that every-
whereE=0. Thus, from the momerty, the discharge dy-
namics undergoes a marked transformation—the electric
rﬂ:eld near the anode remains close to zero, and now there
coexist two different regions in the gap: The neutral plasma
region (plasma trail with relatively small electric field, and
SE=—4mal(1+ eL/2d), (5)  the region of the gap adjacent to the cathode where the elec-
tric field is strong and the electron density is negligititas
where A is the total thickness of dielectric layers. In the region is called the CF regionThe plasma trail expands
course of timeE becomes smaller than the breakdown valueigward the cathode and the CF region contracts with time
Epr, Ar becomes negative and the discharge extinguishessee Fig. 2 due to the continuing creation of plasma at the

So, the discharge current first grows and then, after paSSirlﬁbundary of these regions. This process keeps going while
through the maximum, decreases; its time dependence can §g total charge in the CF region increases, i.e., while

readily found from the set of Egs.(3—(5): J(t)

xcosh 1/2\;,(t—t,) ], Where\,, is the charge growth rate Ar=1yex f dxa | —y—1>0. 6)
at the very beginning of the discharge angis the moment T CF

is determined by the linear theory and can be evaluated
A~A+(vi /L), wherev; is the ion drift velocity(see Appen-

dix A, caseA;<1). As ions(and electronscollect on the

dielectric, the surface charge increases causing the elect
field in the gap to decrease:
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WhenA 1 approaches zero, the dynamic CF either transformst
into a quasi-dc CF or quickly disappedeee Sec. Vl i n;n//
e~ 14

a|o

Let us illustrate the mechanism of the plasma trail ex-}
pansion and the corresponding contraction of the CF regior} ,~
by considering a semihypothetical example when the ioniza4f
tion is caused by an external sour@s it is in a nonself-
sustained discharge; see, for example, Rej. Z8 further
simplify the example, we assume that the power of the
source is uniform throughout the gap=n;(t), the voltage
across the gap is constant, the ion motion can be neglecte¢
and the electrons leave the region of the strong electric fiel¢
instantaneously. Under these conditions, the positive chargg
grows in the gap uniformly, and the electric field varies lin-
early with x;: E(x,t)=V,/L+4men(t)(x—L/2). At the
momentty, whenn;(ty) =V, /2mel, the anode electric field
turns to zero. After that, the dividing point between the neu-} .
tral plasma region and the region with uncompensated posif Ji
tive charge emerges from the anode and starts moving tog E
ward the cathode. As before, the electric field depends an
linearly on x in the uncompensated charge region, which
allows one to obtain the relationship between the electri€'CG: 3 Electric f_ield and particle and current distributions across the gap in
field on the cathodek., the position of the dividing point the discharge witth>1.

(or front poind, x;, and the applied potential/,: 1/2E.(L
—X;)=V,. By combining this equation with Gauss’ law,
E.=4men(t)(L—x¢), one can verify that, as the ion density can say that the electric field in the gap has a steplike shape:
grows, the region with nonzero field contracts according tdt is close to zero in the plasma trail, and after a sharp in-
the law (L—x;)=n;(t)~ Y2 The speed of this contraction is crease, it is constant in the CF region.
So, while the ionization length ~ is small compared to
Xq P the CF region lengtit; (£;=L—X;), the expansion of the

E Q’ (7) pla_sma region represents a propagation of t_he ionizing wave.

2(L=X) This wave produces the positive charge on its front and then,
after the compensation of this charge by the swept electrons,
where P=en(L—x;) is the charge production an@ it leaves the plasma behind it, forming the expanding plasma
=en(L—xy) is the charge in th&+0 region(per unit elec- trail. The plasma trail, considered as an element of the cir-
trode arex This form of Eq.(7) emphasizes that the velocity cuit, represents a conductor connecting the CF region with
of the dividing point is proportional to the production of the anode. In this article, we will neglect the resistivity of the
charge in the electric-field region. Note, that this velocity is atrail; the sharpness of the electric-field change will allow us
finite quantity, although the ion velocity is zero and the elec-to write a simple jump condition on the wave front, and the
tron velocity is infinite. The electron component of the cur-uniformness of the electric field in the CF region will sim-
rent in the electric-field region increases linearly with dis-plify the evaluation of the ion density near the cathdaed
tance from the cathode, reaching its maximum value at th®y this way, the evaluation of the ion flux to the cathpde
dividing point, jema=M(L—X;), and it coincides in the Figure 3 exhibits two remarkable features of the spatial
plasma region with the total currenf,,/S=1/4rE,  distribution of currents. First, the electron current experi-
=1/2h,(L—x;), whereS is the cross-sectional area of the €NCES & jump at point=x, because part of the electrons
discharge gap. A discontinuity of the electron current at thé2® “Spent” on the creation of the plasma. To see this, let us
dividing point, {je} = je max—Jtot/S=1/2j e max, IS CONnected Present the total current in the gap as a sum of the ion and
with the process of plasma creation in the vicinity of the €l€ctron components and the displacement current,
point X; .

The dynamics of a barrier discharge is much more com- 3, (t)=
plicated: The particle production in the gap, caused by the

electron ionization of the gas, is proportional to the ion ﬂuxThis representation, of course, follows from the charge con-
to the cathode and is extremely inhomogeneous due to tt} ' '

Xy i

plasma trail CF region

Jtot/S ]

1.
ii+ie+EE)s. ®

. L . . .
i, . 4 ~ (i
that the bulk of the uncompensated positive charge is cor?—('é)lkIng intoaccount that [ dx(ji+je)/ €+~ (s

centrated in the small part\;~a L, see Fig. 3of the CF  +]e)madXi/{i~Jemadals and [y dXE/€ 1=V €;<0, we
region immediately adjacent to the plasma trail. In the rest otonclude thaliy /S~ e max/ @l 1<jemax, i-€., the magnitude of
the CF region, the amount of the charge is negligible and théhe electron current at the left-hand side of pointx; is
electric field is approximately unifornk(x,t)~E.(t). One  much less than at the right-hand side.
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Second, the total current at the cathode is determined In the CF region, adjacent to the cathode, the electric

only by the displacement current, field is strong and the electron density is negligiblgs=0. It
1 allows us to express the ion and electron current densities in
Jiot™ 4—ECS- (9)  terms of the electric field. Substituting the ion density from
o

the Poisson equation into EQL4) gives

The electron current from the surface of the cathode is pro-

portional to the ion current to this surfadg,.S= vji.S, so ji=—uEE’, (17)
that the particle current at the cathode is equal to (1 4m

+7)icS. It can be neglected in comparison with the total \yhere prime means derivatives. By neglecting the electron

. LY( .
currer}t, Jiot~Jemay ali~ (v at()jicS  when  (1+7y)  gansit time through the CF region and taking into account
<ye*'f/af;. Note that the behavior of the electric field in n5t at the cathodg.(L,t) = yj;(L,t)=7j,., we can obtain
the CF region resembles the behavior of the electric field ifpe electron current from Eq10):

a capacitor in which one plate moves toward the other.
L
o mexr{ | dxa). (9
X

A discontinuity of the electron current at the dividing point
We will study the propagation of the plane ionizing wave x; results in the creation of plasma, whose density can be
in the framework of the widely used fluid modeln this  also determined from Eq10). Using that, in the vicinity of
model, the continuity equations for the electrons and ions arg;, we can writedj./dx~{jc} [ x—x;(t)] [where §(x) is

IIl. BASIC EQUATIONS

coupled with the Poisson equation: the Dirac delta function, andlj} is the magnitude of the
. dj electron current jumpand integrating Eq(10) over a small
_ea_»:Jfa_e:—aje. (100 time interval ¢’ — 8t,t’ + ot), we find
X
Np(X) =Ng(X) ={je}/X¢(t"), 19
A p(X)=Ne(X) ={je}/Xs(t") (19
Tt o e (1D wheret’ is the moment when the dividing poirt passes the
point x.
JE : . . _
— =4me(n;—ny), (12 To find a jump condition at the wave front and, by doing

ox so, the front velocity, it is convenient to use Ef). Substi-

wheree is the elementary charge and andn; are the elec- tting Eqs.(l?) a.nd(.18) into Eq.(8), we obtain the equation
for the electric field:

tron and ion densities, respectively. The electron and ion cur-
rent densities in the drift—diffusion approximation are

. L
E+MiEE'+4mjiCex;“ dx a(E) | =473 /S, (20)
X

, an
je=eneudE+eDe— ", (13) _ ,

where ji.=en.uE. and, according to EQq.(9), Ji/S
ji=enuE, (14 ~E 4. Multiplying Eq. (20) by a(E), integrating it from 0

. - to L, and using conditiofe(x<<x{) =0, we obtain:
whereu andu;, are the ion and electron mobilities, abd 9 ( 2

i; the_ electrqn diffusion coefficient. We have neglected thg |+ wE aE) o+ 4myjic(eR—1)=ER, (21)
diffusion motion of the ions, because their average energy is

always small. The voltage applied to the cell is divided be-where hereafter the angle brackets denote an average over
tween the gap and the dielectric layers which are charged bifie  electric field, (f)=E~*[§dEf, (f);=(f)|e—g; |

the current flowing in the circuit: =J%dx E(a) andR=/} dxa. WhenE is close to a step
q function, we can calculate the integralsy €{E (). andR
Voapt ¢ =Va: (19  ~¢;a., and then find the difference between the first terms
in left- and right-hand sides of E§21):
dq .. .
- Jrots (16) | —ER~(a)El;. (22)

where C=€S/8xd is the capacity of the layers. Hereafter, SO, in the zeroth order of approximation in parameter
the applied voltage/, is assumed to be constant. (@)™, Eq.(21) takes the form

In Sec. Il, we have clarified that, as the ionizing wave
propagates from the anode to the cathode, two regions can be

clearly distinguished in the discharge gap: The expendingvhere we took into account thét= — X, . This equation can

plasma trail and the contracting CF region. In the plasmae written in the form that represents the charge balance in
region, adjacent to the anode, the electric field is close tehe ionizing wavecompare with Eq(7)],

zero,E~0, the electron and ion densities are equakn; S

=n, (n, is the plasma densityand the current consists of a (Xf—vi) _ P

flow of electrons J,;=jS Ax;  Q’ o

(a)eXe=~ pi{ aE) o+ amencu;yet, (23
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where Ax;=(a); ! is the characteristic size of the spatial condition at the left-hand sidé.e., atx~x;+Ax;).?> The
localization of the positive charge angl= u;(«E)./(a). is  influence of the ionizing wave motion on the ion distribution
an average ion velocityP~ yen uE.eR is the rate of the in the plateau region comes only through the dependence of
charge production an@= E /4 is the amount of the posi- the electric fieldg; on time. In this sense, the plateau region
tive charge in the CF regiofper unit electrode ar¢aThe is disconnected from the front of the ionizing wave, where
left-hand side term in Eq(24) is inversely proportional to the electric field is substantially nonuniform.

the time during which the wave “eats away” the positive In general, an accurate evaluation of the ion density de-
charge in the CF region; the right-hand side term is proporpends on the rate of increase Bf(t) with time. Neverthe-
tional to the charge reproduction rate. less, one can show that the density growth rate can never

In deriving Eq.(23), we assume that the electron transit exceed the one determined by the linear thesse Appen-
time is negligible, so that at each moment the electron avadix B):
lanche develops in an almost stationary electric field. It takes

place when N =(1+ y) e[ E(t) ] E(t). (29)
A ¢ 4 e
.Xf SOMLRS (25) In order to use Eqg28) and(29), we must known;. at
Xi o ve  peEc the moment, when the electric field near the anode turns to

In what follows, we will neglect, for simplicity, the volt- Z€ro and the ionizing wave starts to travel toward the cath-

age drop across the plasma regitimat is justified providing ©de. The total charge in the gap at this moment is

that Jyo i_s not too large In this case, one can easily find a Q=(E.— E,)/4m~El4m, (30)
connection between the electric field near the cathéde, B ] )
and the position of the ionizing wave frong; . Integrating Where Eo=Va/(L+L,). On the other hand, since the ion
Eq. (16) over time from 0 tot with J,.,/S from (9) gives: Q|str|but|on in the gap is still close to the one during the
q/C=E.L, (L,=S4wC=2d/e is the width of the vacuum linear stgge, the total charge' can be 'estlmat.ed Qas
capacitor with capacitanc€). Substituting this result into  ~©Mc¥e™/ a(1+7) [see Eq(A8) in Appendix Al. This es-
Eq. (15) and keeping in mind that the voltage drop across thdimate, in combination with E(30), gives

plasma region is negligible and the voltage drop across the (1+y)agEg
CF region for a steplike electric field is approximately equal  Nic(to) = AmeyeRio) (32)

to E.€;, one obtains
where ag=a(Ey), and é~1 is the numerical factor intro-

E — Va 26) duced to account for the distortion of the electric field near
© oL+l the anoddthe specific value of this factor depends on the
behavior of the functiorw(E) in the vicinity of the point
E=Eg]. Taking into account Eq(31), one finds the wave
velocity at the moment,:

27) (@)cke~pi( @B+ (1+ y) piacEcé . (32)

Differentiating this formula and using expressi@3) for the
front velocity lead to the equation for electric fieli} :

E— MiEc<aE>c+47T')’j iceR
¢ (a)c(ValEo) ’

whereR~ a{; .>* Equation(27) confirms our qualitative as-
sumption that the total current is always much smdier

(@)cValEc=(a)c(¢i+L,) times] than the characteristic o oo thin that = S/4mC=2d/e is always much smaller

value of the particle current on the wave front. than the CF region lengtif; and the total voltage drop

In the case when the electron current from the cathode i§..oss these layers is negligible. From E26), it follows
controlled, for example, by externally induced photoemis-that E.~V.,/¢; and the parameteR on the right-hand side
sion and is a given function of time, one can integrate Edps Egs.(23) and (27) is approximately
(27) and find the electric field and the position of the ionizing
wave for any moment of time. However, in our case, this ~R~acli~n(Ec)Va,, (33
current is equal teyjic=n;c and one needs to supplement the yhere the jonization coefficieny(E)=a(E)/E. Since the
equa.tion for the electric field with the equatiqn for the ion charge production in the gap is proportional to the exponen-
density near the cathode. In the plateau region, where thgy) factoreR, the wave velocity strongly depends on how the
electric field E(x,t)=E.(t), the ion continuity equation fnction 5(E) varies withE. As we will see below, there are
takes the form two qualitatively different regimes of the propagation of the

fi+vic(Hn! = yag(Dv ()N %O L=, (28) ionizing waév.e:(l) The fast regime which takes place when

the factore™ increases as the wave advances toward the cath-
wherev;q(t) = uiE¢(t) anda(t) = a[ E¢(t)]. As we willsee  ode d7/dE>0), and(2) the slow regime which is realized
below, the wave front velocity is always greater than thewheneR decreasesdy/dE<0).
maximum ion velocity in the CF and therefore, all ionsA Fast regime: | ing functi £
reaching the cathode during the wave propagation are creatéd ast regime: Increasing function ()
and move in the uniform electric field.(t). So, Eq.(29), In order to reveal the distinctive features of this regime,
for the ions near the cathode, does not require a boundamye suppose that the ionization coefficigf(E) is an increas-

IV. IONIZING WAVE BETWEEN BARE ELECTRODES

In this section, we will assume that the dielectric layers
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ing function for all values o, O<E<. In this case, the 1 t, -t

parameterR increases as the ionizing wave moves toward Xf:L_L( 1= g N3 ) : (39
the cathode and, therefore, the wave front becomes steeper 0 *

and steeper. It means that our approximation of the electric Vg 1 t,—t\s

field by a steplike functio E(x,t)=0 for Os=x<x; and Ec(t):f<1_R_oln At, ) ' (40
E(x,t)~E.(t) for x;<x=<L] only improves when the wave

approaches the cathode. Since the wave velocity grows, the _ 1 _ <a>51 41
ionizing wave quickly reaches the cathode and the CF region * 12mencuiyet0 Xq “D

collapses. As a matter of fact, the CF contracts so fast th%heret —t 4 At. is the moment when the collanse of the
the ion density at the cathode remains bounded up to the * o0 * P

moment of the collapséalthough the electric field and the 'onizing wave occurs. Since t_he wave rapidly accelerétes
. . ) .~ speed increases more thehtimes as the wave passes the
total amount of charge in the CF region grow without limit

E.=V./(L—x)— when xr—L: Q=E/4m—w). To distan_ce.cg‘l), it spends most ofjtls time moving through the
show this, let us divide Eq29) by Eq. (27): small initial part of the patfi{a), “<L].
' ' ' We can summarize the features of this regime as follows:
dnic  (1+7y)acpuiEcnic(@)(Va/Ee) The wave front becomes steeper and steeper as the ionizing
< R (34) . i
dE;  wiEc(aE).+4men uEcve wave moves toward the cathode; the CF region collapses and
. i _ i ) the electric field becomes infinite in finite timde, ; the ion
O_m|tt|n9 the first term in the denomlnator_ on the nght—handdensity near the cathode remains boundedeven almost
side of Eq.(34) (that only strengthens this inequalitand  ,nstank during this time; the wave front velocity increases
integrating ovelE, leads to the expression: with time so fast thak, /v;— .
(1+7) Valt;  afa)e” "Va If »(E) is a very slow growing or decreasing function of
af dE—F—, (39 E then, as one can see from HG5), there is no limitation
on the growth of the ion density at the cathode. A character-
wheredn; is the change of the ion density during the time inistic example of the wave propagation with simultaneously
which the wave front moves from the initial positiox;(  growing the density;, and the electric field,, is described
=0) to the current positiong=L —€¢) andE;,~V,/L. For  in Sec. IVB.
a very broad class of increasing function€E), the integral
on the right-hand side of E@35) converges when its upper
limit tends to infinity, which means that the ion density nearB. Slow regime: Decreasing function  5(E)

the cathode remains bounded. _ When 7(E) is a decreasing function, the parameker

~ For illustration, let us consider the propagation of thegecreases and the ratio of the wave front length to the CF
ionizing wave wheny=E®, s=1 (such a shape of the ion- region length grows as the ionizing wave moves toward the
ization coefficient greatly simplifies the calculation®er-  cathode. The difference between the front and the plateau
forming the integration in Eq(35), omitting small terms  pecomes less and less pronounced with time and eventually,

71 . . .
~R"™%, and then taking into account E@1), one can obtain  \yhenA ; approaches zero, the dynamic CF transforms into a
the estimate for the maximum change of the ion density neafeqgylar dc CF.

ONjc=<

Amey Ei

the cathode: First, we consider the propagation of the ionizing wave
(1+ y)agla)g Nicé when the functiona(E) = constant g<E~1), which corre-
maxon;c= = (36  sponds to the behavior of the ionization coefficiemtand 7

Ameysn,e™a  s(1+s)’ - _ ;
Y=o ( ) at strong electric fields. In this case, E@8) for the ion

where the subscript O refers to the initial momentlt turns  density in the plateau region has the exact solution
out that in the case=1, the numerical coefficierf is quite .
small so that the ion density;. remains almost constant n(x,t)=ng eXF{f din (t) — ax
from the start of the propagation of the wave to its collapse. to

According to Eq.(32), at the initial moment,, the second \yare) (1) depends on time through the electric fidd:
term on the right-hand side of E¢23) is already signifi- M) =(1+ y) amE(t). As seen from Eq42), the ion den-

cantly g_reater_ than the first_term, and due to its exponentiagity near the cathode grows with the ratét). The initial
growth it dominates all the time as the wave moves from thg ;e of this densityn,=n,.(to), is given by expression

anode to the cathode. Neglecting the ion motion on the Wave31) ‘in which we must again put=1 (during the transition
front, one obtains the following equation for the wave Veloc'periodRz aL = constant). By using this expression, E2Q)

ity and the electric field: for the front velocity can be written as

: (42

Xi=4(1+s)mencu a; tyeR, (37)

al =£+(1+ )E%e“"f (43
. yer miEe 2 4 E. ng '
E.=4(1+s)men.uiE. , (38 )
R where we used thataE).= aE /2 for a=constant. Differ-

where R=7(E.)V,, and we used the equalitye)=a/(1 entiating Eq.(43) vyith respect to time and using the equali-
+s). The result of the integration of these equations oveti€snic=Anjc andE.=X;E./€=XsacE/R, one can obtain
time is the equation for the rativ's=X;/uE;:
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es]

—V (44) | Ec

1+y

dv_ v 1 1+R71_
gtV M Vim 5] 1 ;

whereR= a{;. Equation(44) shows that, after a time of the o= consy

order of\ "1, the ratio of the front velocity to the ion veloc-
ity becomes close to its asymptotic value:

0.6}

X 1+y 1+ 45 0.2}
wE, 1+R I “9
This result has a simple interpretation. Since the second tern - 3_“]%
N C 1-C

on the right-hand side of Ed43) contains one sharply in-
creasing factomiC/n0=exp[f{0dt)\(t)] and one sharply de-
creasing factoeR, the wave velocity can be found from the
condition of “phase” constancy:

o = const

0.3 o=<E

d
N+ R=0. (46) 04 \Si

Equation (46) leads to Eq.(45 whenR=af; and\=(1 1 0 1 2 3 4 5 6
+y)auiE.. As the wave front moves toward the cathode

and the plateau region length=L —x; becomes smaller, FiG. 4. Electric-field and charge density distributions on the front of the
the electric field growsE.=V,/¢;, and the wave front ac- ionizing wave.

celeratesx;~(1+ y)uiVa/(L—X;). Solving the last equa-

tion, one can find the time that it takes the wave to cross the

O (x-xp)

gap and approach the cathode: 1 L—x
2 E(x,t)= £l —],
At*wL—. ( Vi, —t (\/t*—t)
2(1+y)pmiVa L L
When €¢; becomes of the order of the dc CF lengthr E.x . N .
~a tIn(1+y Y, the parametei; approaches zero, and Vi, —t Lt

the CF region can no longer be divided into a front region
and a plateau region. In a short time{éF/,uiVa<At*),

the dynamic CF transforms into a dc Q@Rore precisely, into

a quasi-dc CF, see Sec.)VI

The electric field in the caser=constant (xE 1) V. CHARGE AND PLASMA DISTRIBUTIONS
grows relatively slowlyE./E.~X;/€;~\/R, so that

The relative wave velocity in this regim®;=%;/u;E.
=constanR.

. We already mentioned above that almost all positive
E. N charge is localized in the narrow layer within the ionizing
E. <n_ic' 47 wave front, x;<x<x;+Ax;. To describe the structure of
o ) ) this front, let us return to the basic equati@b). First, note
It turns out that this inequality holds true in @ more generakyat in the region of the wave front, the total current is small
case of decreasing function(E). For a slowly changing compared to the particle currendo/S~(jo+ji){a)li<je

electric field, the functior.(t) in Eq.(28) changes adiabati- ;. "3nq can be neglected. Second, the displacement current
cally slowly with time, and the solution of this equation is . . L e

7 . - in this region is caused mostly by the front motidas
still given by Eq. (42). Therefore,nic=An;c. Subsituting —X;E’. After these simplifications, Eq20) takes the form
R=n(E)V, into Eg. (46), one can obtain the wave front = P '

velocity for the more general case: —¥E'+ wEE' +4meyj,.ef¥=0, (49)
Xt (1+v)ag where R(X)Ef)ldea. Multiplying this equation by« and
wiEe = EZdy/dE,|" (49 then performing the spatial integration from to x, we ob-
C .
tain

Here, it was assumed that the functigE) decreases not ) i
too slowly: a ‘EZ|dn(E.)/dE,|>R™!; so that the small —Xi(@)E+ piaB)E+ 4 yj;o[ €700 —eX9]=0. (50
terms in the denominator could be omitted. Using Egs.(50) and (23), we can express®® in terms of

The intermediate casg(E) = constant requires a special the known functiong «) and{«E). Substituting the result
treatmenfwe cannot use Eq48) because its right-hand side into Eq.(49) and regrouping the terms lead to the equation
now goes to infinity. Wheny is constant, the paramet@ris : , . .
also constant and, thus, the length of the wave front with (Xt~ #E)E =(a(ki— piB))Ee—(alX— wE)E,
respect to the entire length of the CF region remains unwhose solution can be easily expressed in quadratures. The
changed. The latter fact suggests that @) admits a self- shape of the wave front for different functioms= «(E) is
similar solution: pictured in Fig. 4.
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Fast wave: o ~ B2 VI. IONIZING WAVE BETWEEN ELECTRODES
WITH DIELECTRIC LAYERS

oo

14
0 In this section, we consider the barrier discharge when
the voltage drop across the dielectric layers has a perceptible
effect on its dynamics. Regarding the ionization coefficients,
we assume thak(E) and n»(E) are typical functions of the
electric field for real gases. For definiteness, we will use the

following simple formula for the ionization coefficiefit:

a(E):amaﬁ_Enorm/E- (52

102

10°F

For pure Ne gas under the pressére 500 Torr, the coeffi-
P Slow wave: o = const cient amp=4P=2x10cm ! and E,om=100P=5
€ x10% Vicm. In all of the examples below, the secondary
10 , — electron emission coefficient=0.64.
1 We can picture both dielectric layers as one piece of the
102 \\ \ dielectric with the vacuum permeability and the effective
\ lengthL,=2d/e which is adjacent to the cathode electrode,
\ so that the whole distance between the anode and cathode
10° electrodes is equal to+L,, . This representation allows one
\ to conclude immediately that if there is only a positive
charge in the gas gap and on the dielectric surface, then the
0 20 40 60 80 X }11%91 electric field monotonically increases from the anode to the
’ cathode. Hence, the capacitor imposes a limitation on the
FIG. 5. Charge density distribution across the whole discharge gap at senaximum attainable value of the electric field in the gap:

quential time moments.
Ec<(Va—Vgap)/L,<E,=V,/L,.

—
T~
T~

In the steplike approximatiofwhen the charge is localized

Figure 4 also illustrates the distribution of the positive ©nly on the wave front the electric field stays uniform
charge densityp=E’/4me, within the wave front. This den- throughout the CF region and the “vacuum” capacitor as the
sity turns to zero at the point=x; in accordance with the ionizing wave moves toward the cathode, so tBa(¢;
fact that the regiox<x; is occupied by the neutral plasma. *L.)=Va.

Figure 5 helps one get an idea of how the positive charge is  If the gas gap is long enough and the initial electric field
distributed over the whole CF region in the different regimesin the gapE;, is so strong that the paramet®r= a(E;,)L

of the wave propagation. Let us note that in the fast regime>1, the ionizing wave forms near the anode and then starts
the charge density on the wave front grows independently offoving toward the cathode. The propagation of this wave is
the charge density at the cathode, whereas in the slow regin@overned by Eq.(27), where the parameteR~ac(;
they change synchronously. ~ag(ValEc—L,)~7(E.)V, is determined by the modified

As we discussed above, the electrons created in the cfunction »(E)=»(E)(1-E/E,).
region are swept from this region into the plasma trail. The ~ Depending on the strength &, two qualitatively dif-
major portion of these electrons goes to compensate for thierent cases are possible. In the first case, when the initial
positive charge; that leads to formation of the plasma traielectric field lies within the range corresponding to the grow-
right behind the wave front. Taking into account E¢E9) ing part of »(E) function (i.e., whenE;,=E;<E,,, see Fig.
and (23), the expression for the plasma density can be writ6), the ionizing wave quickly accelerates as was described in

ten as the Sec. IV A. According to E(35), the ion density near the
cathode changes insignificantly, as long as the current value
1 . o
Np(X) = m(OI)cEc(l— 5), (51)  of the parameteR is greater than its |n|t|al_ value. In of[her
words,n.~nic(ty) while E;<E.<E, [see Fig. 7@]. In this
where range, the total current is entirely determined by the charge
_ production term which is proportional & [see Eq(27)]. It
— “i<“|?>c _ ﬂ reaches its first maximum at almost the same value of the
(@)X X electric field as the factog”E9)Va does:E,~E,,. The other

depends on the coordinatethrough the electric fieldE, maximum is reached at the high electric field when the ion-
=V,/(L—X). It can be shown tha#<0.5: If @ grows with  izing wave approaches the cathddee Fig. ) showing

E faster than a linear function théq>v; and5~0; If «is  the currents versus the wave front posifion

constant thenk;~2(1+y)v; and 6=0.5/(1+7y). The In the second case, when the initial electric field lies in
plasma density always grows with the distance from the anthe range corresponding to the falling part:g(fE) function
ode. For examplem,[,(x)ocll(L—x)lJrs (0<x<x;) whena  (i.e., whenE;,=E,>E,,), the growth of the ion density near
o< ES, the cathode balances the drop of the fa@Brso that the
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* em Torr FIG. 8. J Vs t for different E;, and the samev,=1200V andL,
=60 um. (Time is measured from the moment of the common maximum of

FIG. 6. Typical shape ofy(E) and corresponding;(E) for V,=1200 V the currents.

andL,=60 um.

ionizing wave moves with the velocity given by E@8) in  tion is no longer valid. What happens next depends on how
which # should be substituted By. The total current grows the applied voltage is divided between the dielectric layer

monotonically(while the parameteA is great enoughand ~ and the CF region. _ _
can be evaluated by First, let us compare the applied voltayg with the
. normal CF voltagé® V, ..~ In(1+ 7y Y/ 5, wherern,, is the
Jot _ EeXt (14 y)piEcac maximum value of the ionization coefficienj(E). Since

S 4mV, 4nV,|dy/dE]" NmVa= 7mVa= Rmax, WhereR ., is the maximum value of
It is worth noting that in both cases, the ionizing wave has;[the parameteR during the discharge, we obtain the inequal-
the same characteristics on the common part of its path. 11

Fig. 7(b) is also shown the current for the intermediate case Va Rmax
— =
when the initial electric field is equal #,,; it behaves simi- Viorm  IN(1+y71)°

larly to the current in th&;,> E,,, case. The time dependence o can see from E¢54) that the applicability condition for
of the currents for the considered cases is shown in Fig. 8.our approximation R>1 at the beginning of the dischajge

When the CF region length becomes so small that they savisfied only when the applied voltage is much greater
parameterA; approaches zero, the difference between they .. the normal voltage.

front and the plateau region disappears and our approxima- \nhen the effective length of the capacitor is much
smaller than the CF region length,<{ -, the dynamic CF
transforms into the quasi-stationary dc CF. The initial voltage
across it is close to the applied voltayg;~V,, and since

(53

(54)

@ e o 107 ose to .
V.>V,om, this CF is abnormal; its length can be evaluated
10" as
IR Cor=Capn,  Cabr= AmaxIN(L+y ™).
[_EjiEﬁ__________:::/ E.>E, , The quzasi-sta3ti0nary CF produces the FU.I'I’ej}B‘%ql
I P 10 +y)miVeddml ae, which charges the capacitay=Jy,. On
| o the other hand, (#4L,/S)q+Vce=V,. Combining these
-500 -400 -300 -200 -100 equalities, we obtain the equation for the time variation of
T, A the CF voltage
(b) S om u MVZ
CF iVCF
3 ”‘(14‘7’)—{3—, (59
P2 v CF
_ where{ oz now depends on the instant value of the CF volt-
En<Epm 77 TN E1 age and is determined by the relationship
- = N _
’//// Em:_E_'f ——————— En>Ey, [ a(VC,:/€C|:)€CF= |n(1+ ’)/_1). (56)
A . . Ha A )
-500 -400 -300 -200 A0 7 um According to Eq.(55), the voltage across the CF decreases
f ’

with a characteristic timéce~ (€ cg/L,) 7, much greater

FIG. 7. lon densityn;. andJ,y vs x;—L for differentE;, and the sam&/, than the ion transit time through the CF regiofs- € cr/v;

— 2
=1200 V andL, =60 um. The gap length. ~482 um for E,=E,<E,,  ~ {cHd #iVcr. It means that, at nearly the same voltage,
L~245 um for E,=E,,, and L~102um for E,=E,>E,. In these Many generations of ions replace each other in the CF, and
casesa(E;,)L is 11, 14, and 11, respectively. their distribution in space has time to become almost station-
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ary. When the voltage across the CF drops to the normal CWII.

voltageV,om, the CF starts to decay, sharply decreasing the
charge production. However, to fully charge the capacitor it
is still necessary to put the char@a/,,,mon its plates. If the
capacitor is large enough, the decaying CF will extract all the(l)
ions from the plasma trail. At the end, there will be a uniform
residual electric field in the gap.

So, when the effective length of the capacitor is much
smaller then the abnormal CF length, &< 4, the picture
of the discharge dynamics appears as follo@s:the ioniz-
ing wave originates at the anode and propagates toward the
cathode, then(2) the ionizing wave transforms into a
guasi-dc CF, which charges the capacitor, é)das the dis-
charge decays, the region with the residual electric field ex-
pands backward, toward the anode.

The ionizing wave charges the capacitor only to a small
voltage~ (L, /€cp)Va,; most of the capacitor voltage builds
up during the charging by the quasi-stationary dc CF. The
decaying CF further charges the capacitor increasing its volt-
age by the amount less than or equaMg@;n,.

Let us note that our consideration is not quite correct(z)
because the typical currents produced by the dc CF are large
and the voltage drop across the plasma trail is significant.
Nevertheless, one can always distinguish three stages in the
discharge dynamics: lonizing wave, quasi-stationary dc CF,
and decaying CF.

In the case when the effective length of the capacitor is
comparable to the abnormal CF length, (- €, the sig-
nificant part of the applied voltage drops across the capacitor
at the moment when the parametef approached zero. Al-
though the electric field in the CF region is much greater(3)
thanE,,m, the capacitor is charged by a few generations of
ions, and therefore no quasi-dc CF forms. In the case of a
large effective length of the capacitdr (> ¢ ,,,), the capaci-
tor is almost fully charged during the propagation of the
ionizing wave. After the moment when the parameter
becomes zero, the ions are deposited on the dielectric sur-
face, and the CF region quickly disappears. Thus, after the
discharge, there is no residual electric field in the gap. (4

In conclusion of this section, let us consider the limiting
case when the vacuum lendth—o (C=0), while the ini-
tial electric field in the gap is kept constant. Since the charge
on the capacitor does not change during the dischafge (
=C6V=0, 6V=Vy,), the total current in the circuit is iden- (5)
tically equal to zero. This system is equivalent to the one
with very thin dielectric layers over the electrodes which
were initially charged to voltag¥ ., and then disconnected
from the voltage source. Now, the charge on the electrodes
remains constant as the discharge develops. While the pa-
rameterA+ is large, the electric field within the plateau re- (g)
gion does not change with timéE{~4mJ,,/S=0), neither
does the ionization coefficient. Using the results of Sec.
IV B, we find that the ionizing wave moves with a constant
velocity X;= (1+ y) u;E. and passes through the gap in time
At, =L/X;. The voltage between the electrodes decreases
uniformly in time to zero,Vg,;=E.L(1—-t/At,). Let us
note that in contrast to the case of smal, neglecting the
voltage drop across the plasma trail is well justified now
because the curredt,=0.

Khudik, Nagorny, and Shvydky
DISCUSSION

Let us discuss applicability and some generalizations of

obtained results.

The presented theory is applicable to strong barrier dis-
charges A>1), when the length of the discharge gap
is much longer than the length of the normal CF and the
voltage applied to the gap is considerably greater than
the breakdown voltage. In such dischargek,andVg,,
are relatively large, so that the operating point (V.
lies above the right-hand side branch of the Pashen
curve.
Note that although in all examples we used to illustrate
the barrier discharge dynamics in Sec. (ke Fig. 7,
the lengths of the discharge gap and initial voltages
across the gap are quite different, all operating points
belong to the aforementioned region in tpd—Vy,,
plane. It is appropriate to note here that in strong barrier
discharges, current densities limited by the dielectric ca-
pacitance can be quite small.
Our consideration can be generalized to include the se-
ries resistoR in the external circuit. In this case, Egs.
(23), (28), and(29) remain valid, and Eq(26) must be
replaced by
1.
V,—JoiR Va dar ESR

oL, G+l S
Note that now EQq.(27) for the electric field must be
modified.
In this work, we neglected the resistance of the plasma
trail and the transit time of electrons through the CF
region, i.e., we assumed, in essence, the electron mobil-
ity infinite. Taking into account the effects of the finite
electron mobility results in the decrease of the discharge
current. The case when the plasma trail plays a crucial
role in the dynamics of the barrier discharge will be con-
sidered in our future work.
Although y and u; were constant, one can easily gener-
alize our theory to the case whep=y(E) and p;
= u;i(E). One can also include in our analytical consid-
eration the case when the discharge gap is filled with a
mixture of gases.
We found that dynamics of a barrier discharge in plane
geometry strongly depends on the ratio of the effective
length of the dielectric layer capacitar,=2d/e to the
length of the dc CF. We think that this ratio determines,
to a large extent, the discharge behavior in more compli-
cated geometries.
One of the interesting predictions of the presented theory
(that, to our knowledge, has not been observed experi-
mentally) is that the discharge current under certain con-
ditions may have two maxima rather than disee Fig.
8). To make sure that this feature of a strong barrier
discharge is not the result of simplifications used in our
analysis, we compare the time dependence of the dis-
charge current obtained from the presented model with
that obtained under the same conditions from the more
accurate drift—diffusion modébescribed by Eq410)—
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S om? tude of the capacitor formed by the dielectric layers. When
the capacitance is large, the ionizing wave propagates as in
the case without the capacitor. Reaching the cathode, the
wave transforms into the quasi-dc CF, which almost fully
charges the capacitor. When the capacitance is small, it sig-
nificantly influences the characteristics of the ionizing wave.
Reaching the cathode, the wave quickly disappears and no
quasi-dc CF forms.

Jwot A The discharge dynamics is quite sensitive to the magni-

w

APPENDIX A: LINEAR THEORY
FIG. 9. Dependence of the discharge current on titheis obtained from
the presented simplified modelV{=1200V, L,=60um, and L When the charge in the gap is small, the electric field can

~482 um); (2) is obtained from the drift—diffusion modethe same dis-  pe considered uniform and constant. In this approximation,
charge parametersand(3) is obtained from the drift—diffusion model when n(_electron curren(18) takes the form

the total voltage across the CF region and the dielectric layers is kept co
stant. C i L—
Je=7I icea( X, (A1)

Now ion continuity equatiorf11) can be written as
(16), wherein the electron diffusion coefficierd,
= uoTe and the electron temperatufe was about sev- 7t
eral electron volts As it is seen from Fig. 9, in the at  Ix

drift—diffusion model, the discharge develops morenere according to Eql4), nj=j;/emE=]/ev;. Making

slowly and current peaks are smalleompare curves 1 4 substitutiorj; — j;(x)€, we obtain the following equation
and 2. When we purposely keep the total voltage acrossgy the ion current density:

the CF region and the dielectric layer constant, and by .

doing so, eliminate the effect of the finite resistance of %+ i o a(l-X) A3
the plasma trail, the difference between the models is  dx @ o,1 “ic® ' (A3)
greatly diminishedsee curve 3 in Fig. 9

an;  dj;
e+ D fyjicer 9, (A2)

Multiplying Eq. (A3) by "%, and integrating it over the
gap with boundary conditions on the ano@i¢0)=0, and on

VIll. CONCLUDING REMARKS the cathodej;(L)=j;., we find the equation for growth rate
We have shown that at high overvoltage, the barrier dis:
charge takes the form of an ionizing wave originating at the — g¢_q 1 A
anode and propagating toward the cathode. The wave char- £ = m, E( a— ;) L (A4)
I

acteristics depend on the behavior of the paraméter
(which equals the number of extra ions created by the eledWhen the parametek;= y(e*t —1)—1<1, from Eq.(A4)
tron avalanche which results from one ion striking the cathfollows that the increment is much smaller than the inverse
ode: ion transit time,

(1) When the parametek; grows with the advance of the N~aA+(v;/L), (A5)
ionizing wave, the CF region contracts so quickly that
. . . where constant
the ion density near the cathode remains almost un-
changed. The wave velocity in this regime can be con- 1 -1
siderably greater than the ion velocity; a=|1+vy- W
(2) When the parametek; decreases, the CF region con-
tracts relatively slowly so that the ion density near the/n the opposite case whebr>1 [more exactly, wherwl
cathode increases many times while the electric field™IN(1+y™ Y], the increment is
changes insignificantly. In this regime, the wave velocity A~(1+7)av;. (AB)

is close to the ion velocity.
The distribution of the ion density in the gap is

Under certain conditions, the discharge goes sequentially pEIL) ¢
through both regimes, and the discharge curdggptt) may ni(x)= yacLnj g%t ——— (A7)
experience two maxima. The first one occurs, roughly speak- 3
ing, at the moment when the charge production rate in the Ciytegrating Eq(A7) overx from 0 toL gives the total charge
region reaches its maximuthe., when the parametérr is iy the gap:Q=Aren.v;/\. For A;>1, this expression
maximum. The second one occurs when the electric field ingkes the form
the CF region reaches its maximuire., when the parameter
A+ is close to zero and the length of the CF region is of the

AT ’yeR
order of the dc CF lengjh Q= 1+vy

enica‘lwmenica‘l. (A8)

Downloaded 09 Dec 2003 to 131.183.101.109. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



6302 J. Appl. Phys., Vol. 94, No. 10, 15 November 2003 Khudik, Nagorny, and Shvydky

APPENDIX B: ESTIMATE FOR GROWTH RATE 1D. Braun, U. Kichler, and G. Pietsch, J. Phys.J3, 564 (1991).

OF ION DENSITY AT THE CATHODE 27. Falkenstein and J. Coogan, J. Appl. PH8A. 6273(1997).
3U. Reitz, J. G. Salge, and R. Schwarz, Surf. Coat. Tecta®pll44(1993.

Integrating Eq.(28) along the characteristics and ne- 43. Meunier, P. Belenguer, and J. P. Boeuf, J. Appl. Piigs731 (1995.
glecting the initial ion density in the gap, we obtain the fol- °C. Punset, J. P. Boeuf, and L. C. Pitchford, J. Appl. PB3s1884(1998.

o ; ; ; .8C. Punset, S. Cany, and J. P. Boeuf, J. Appl. PBgs124(1999.
lowing integral equation for the ion density near the Cathodeqpl 3. Drallos, V. N. Khudik, and V. P. Nagorny, Rroceedings of SID'98

. (Anaheim, CA, 1998 pp. 632—-635.
' 8R. Veerasingam, R. B. Campbell, and R. T. McGrath, IEEE Trans. Plasma
_ t,t ) ) ,
Nic(t) =nio[ X(t,to) ]+ Vft dt’ Q(t ) mi(t")e?tt), Sci. 24, 1399(1996.
0 B1 °R. Veerasingam, R. B. Campbell, and R. T. McGrath, Plasma Sources Sci.
(B1) Technol.6, 157 (1997).

wheren;o(x) is the ion density at the momety when the  .°S- Rauj and M. J. Kushner, J. Appl. Ph5, 3460(1999.
S. Rauj and M. J. Kushner, J. Appl. Phgs, 3470(1999.

ionizing wave starts to travel toward the cathoctét,t’) 12G. . M. Hagelaar, M. H. Klein, R. J. M. M. Snijkers, and G. M. W.
=L—f§,dt”vic(t”) is the coordinate of the ion at the mo- Kroesen, J. Appl. Phys$9, 2033(2001).

ment t’, reaching the cathode at the moment Q(t’) 13;.hlkegz, ;Agi\(/le;g;ncoeur, P. J. Christenson, and C. K. Birdsall, J. Appl.
— AT ’ = ’ _ ’ H YS.a86, .
= ac(t)vic(t’), and ¥(t,t")=a(t")[L—x(t,t')]. Taking 14Y. Ikeda, K. Suzuki, H. Fukumoto, J. P. Verboncoeur, P. J. Christenson, C.

the time derivative ofB1) gives K. Birdsall, M. A. Shibata, and M. A. Ishigaki, J. Appl. Phy&8, 6216
(2000.
Nic(t) = —vic()N/o[X(t,t") ]+ yac()vi(t)nic(t) 15G. Veronis, U. S. Inan, and V. P. Pasko, Appl. Phys. L#8.25 (2001).

16y, Murakami, H. Matsuzaki, H. Murakami, and K. Tachibana, Jpn. J.
t , Appl. Phys., Part B39, 590 (2000.
+ ’)’Ui(t)f dt’ a (t")Q(t")ni(tH e’ (B2) 17y, P. Nagorny, P. J. Drallos, and W. Williamson, Jr., J. Appl. PH5.
to 3645(1995.
. o . . 18V, |. Kolobov and A. Fiala, Phys. Rev. B0, 3018(1994.
At time momentt,, the distribution of the ion density near 19 grayer, C. Punset, H. G. Purwins, and J. P. Boeuf, J. Appl. PBgs.
the cathode is still described by the linear theory. Using Eq. 7569(1999.
(A7), one can find an estimate 20M. C. Wang and E. E. Kunhardt, Phys. Rev48 2366(1990.
2IN. W. Albright and D. A. Tidman, Phys. Fluidk5, 86 (1972.

22R. F. Fernsler, Phys. Fluida7, 1005(1983.

[nfo(X)|< ac(to)nig(X). (B3) iY. P. Raizer,Gas Discharge Physic&Springer, Berlin, 1991
. . . . ' It is necessary to note that our approximation allows one to determine the
Taking into account inequalityc(t") < ac(t) and Eqs(B3) front coordinatex; with accuracyAx;~a; ' and the parameteR with
and(B1), from (B2) follows accuracyAR~ 1. By more accurately calculating the electric-field distri-
bution in the ionizing wavésee Sec. Y, in principle, we can improve the
Nic(t) < ac(to)vic(t)Nig(X) + ya(t)v;(t)n(t) accuracy of our consideration.
ZNote that in contrast to the dynamic CF in a dc CF, all of the ions,
+o;(t) ac(t)[Nic—N;o(X)] regardless of where they are created, reach the cathode. Therefore, in
order to determine the ion density near the cathode, one has to solve the
<(1+ y)a(t)uwE(t)ni(t). ion continuity equation in the entire CF region.

Downloaded 09 Dec 2003 to 131.183.101.109. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



