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Nonconservative charged-particle swarms in ac electric fields
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A time-dependent multiterm technique has been developed and employed to solve the space- and time-
dependent Boltzmann equation for charged-particle swarms in ac electric fields. This technique allows for the
accurate calculation of both the full set of transport coefficients and the phase-space distribution function. This
technique avoids restrictions on the field amplitude and frequency and/or the charged-particle to neutral
molecule mass ratio traditionally associated with many contemporary investigations. To our knowledge, it
represents the first rigorous treatment of the explicit effects of honconservative processes on transport coeffi-
cients in ac electric fields. The phenomena associated with these explicit effects of nonconservative processes
are striking(e.g., negative phase lags in the drift velocity for an attaching, gasl the errors associated with
traditional treatments of ionization and attachment on the transport coefficients are highlighted.
[S1063-651%9905512-9

PACS numbsefs): 51.10:+y, 52.25.Fi, 52.25.Jm, 52.80.Pi

[. INTRODUCTION aim of this paper to present the first systematic study of
nonconservative processes in gases in ac electric fields. We
Future generation plasma discharge technologies requit@ghlight the necessary ingredients for the accurate calcula-
an accurate knowledge of the transport properties of chargetibn of the transport coefficients up to diffusion in the pres-
particles(and other constituentin gases under the influence ence of nonconservative processes, and emphasize the physi-
of space and time varying electric and magnetic fieldscal implications which arise from their explicit inclusion.
throughout the entire discharg&]. In the bulk of a weakly Care must be taken when nonconservative processes are
ionized ac plasma discharge, however, far away from theperative to ensure the calculated quantities are what are
influence of the electrodes, the electric field, though still pe-measured or measurabld9]. In this context, it is the
riodic in time, is approximately spatially homogeneous, and‘bulk” and not the “flux” transport coefficients upon which
one may consider the boundary free problem often referretve focus attention. Generally speaking, this distinction has
to as the swarm probled2]. Much research has been in- been ignored in all previous work in the plasma modeling
vested in this problem dating back to the pioneering works otommunity, and even those in the swarm physics field in
Holstein [3], Margeneau and Hartmd@], and McDonald some cases. At this point we wish to especially to sound a
and Brown[5]. Considerable contributions have also beenwarning to plasma fluid modelers who implement swarm
made by Winkler and co-workerf6,7], Makabe and co- data, to be aware of the differences in the two sets of trans-
workers[2,8—-1(, Ferreira and Loureir¢11,12] and others port coefficients(bulk and fluy, and to ensure the swarm
[13] under conditions of spatially homogeneous number denelata are employed correctly. We defer a full discussion of
sity. More recently, interest has centered on the calculatiotthis to a future publicatiofd2]. In this paper we present the
of transport coefficients in ac electric fields in the presence ofequired theoretical treatment of the nonconservative correc-
spatial gradients in the number density, lead by investigations, and highlight differences in origin and magnitudes of
tions at Keio University[10], the University of Belgrade the bulk and flux transport coefficients in ac electric fields.
[14,40,4] and James Cook Universifg5-18. These works The philosophy of our approach is that we build, where
have unearthed a variety of new phenomena, the most inpossible, upon the extensive experience gained over the de-
portant of which is “anomalous anisotropic diffusion.” Re- cades from the dc theory. The aim is to overcome the restric-
views of this phenomena can be found in R¢f€,16-18.  tions which have in the past plagued ac field studies, particu-
Of particular note is the recent study involving an additionallarly the following.
time-dependent magnetic field0]. However, despite the (i) We present a multiterm technique whereby the number
pivotal role of nonconservative processes in these disef spherical harmonics employed is incremented until the
charges, e.g., attachment and electron impact ionization, tepecified accuracy criterion is satisfied. Assumptions of
the present there has been no systematic study of the inflguasi-isotropy of the velocity of the distribution function
ence of these processes on the transport coefficients per se[B+6,11,13,2Q) avoiding the “two-term” spherical har-
the bulk plasma under the influence of an ac electric field. I)monic approximation.
a previous papdrl8] we briefly reported preliminary inves- (i) We retain the temporal dependence of all components
tigations highlighting the magnitude of errors associated wittof the spherical harmonic expansion i.e., we avoid the re-
neglecting the explicit effect of nonconservative processestrictions associated with quasistationary approximations
on the transport coefficients. These results were verified b}3,6,20, effective field approximation$3,5,11, and low-
the benchmark Monte Carlo simulations performed by theorder Fourier series approximatiof¥8,17.
group at the University of Belgradell]. It is the primary (i) We make no assumptions about the ratio of the
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charged particle to the neutral particle. The code is equalljpamic regime. This regime exists when the system has
valid for electron and ion swarms. evolved to a stage independent of the initial state of the sys-
In this paper, like all preceding works on transport coef-temandthe space-time dependenceféf,c,t) and its veloc-
ficient calculations in ac electric fields involving the Boltz- ity moments are expressible entirely in terms of linear func-
mann equation, the time-dependent hydrodynamic regime isonals of n(r,t). In consideration of transient effects and
assumed to be described by a linear functiofsldensity time-dependent fields there is an additioegplicit source of
gradient expansignof the instantaneousnumber density. time dependence in addition to tivaplicit time-dependence
Justification for this assumption is given in the Appendix. Inassociated with the number density. To determine transport
Sec. Il we substantiate the existence of a time-dependembefficients under these circumstances we assume a time-
hydrodynamic regime, and identify the differences in thedependent hydrodynamic regime: The time-dependent hy-
bulk and flux transport coefficients. The spherical harmonicglrodynamic regime requires that the system has evolved to a
decomposition of the Boltzmann equation of Robson andstage where the spatial dependence @fc,t) and its mo-
Ness[21] and subsequent Sonine polynomial expan$®®]  ments are linear functionals ofr,t). A sufficient functional
(hereafter referred to ag is then generalized to include an relationship betweeri(r,c,t) (and associated velocity mo-
explicit time-dependence. In Sec. Il we highlight the ex-ment$ andn(r,t) in the time-dependent hydrodynamic re-
plicit effect of the nonconservative processes of attachmenjime is a density gradient expansion with time-dependent
and ionization on the transport coefficients in ac electricexpansion coefficients
fields over a large range of applied frequencies.

Il. THEORY f(f,C,t)=k20 f®R(c,t)O(=V)kn(r,t), (4)

The governing equation describing a swarm of charged K .
particles moving through a background of neutral moleculedvheref®(c,t) are time-dependent tensors of rakand©
in a time-dependent electric field is given by Boltzmann'sdenotes afold scalar product.
equation for the phase-space distribution functiénc,t): Assuming the functional relationshi), the fluxI'(r,t)

and source tern$(r,t) in Eq. (3) are expanded as follows:
of eE(t) af

g e Vit %

—J(f). (1) I'(r,t)=W*(t)n(r,t)— D™ (t)- Vn(r,t), (5)

=g0) —gWty.
Herer andc denote the position and velocity of the swarm S(r,)=8(On(r,H) =SH(V)- Vn(r,0)
particle at timet, respectively;e and m are the charge and +S2(1):VVn(r,t), (6)
mass of the swarm particle, respectively; &id the electric
field strength. We assume that swarm conditions prevajyhereW™)(t) andD™*)(t) define theflux drift velocity and
where the charged particle number density is much less thagx diffusion tensor, respectively. Substitution of expansions

number density of the neutral species, rendering the collisiops) and (6) into the continuity equatiorid) yields the time-
operator linear inf(r,c,t). The right hand side of Eq1)  dependentiffusion equation

thus denotes the linear charged-particle-neutral-molecule

collision operator, accounting for elastic, inelastic, superelas- an

tic, and nonconservativée.g., ionizing, attaching, eccol- 5 TW(D)-Vn—=D(1):VVn=—R,(t)n, (7)
lisions. The details of the collision operators used are left to

Sec. 11D 3.

where we define thbulk transport coefficients

A. Time-dependent hydrodynamic regime R, (t)=— SO(t) loss rate, (8

Experimental investigations of swarm behavior are gener-
ally made by sampling charged particle currents or charged W(t)=W*(t)—SP(t) bulk drift velocity, (9)
particle densities:
D(t)=D™)(t)—S?(t) bulk diffusion tensor. (10)

n(r,t)=J f(r.c.tyde. @ We re-emphasize here that one should be cautious in the
. . . implementation of swarm data into fluid models when non-
The connection between experiment and theory is madeonservative collisional processes are involved. One should

through the equation of continuity be aware of the differences in the definitions of both sets of
transport coefficients, and ensure that the data employed in

an(r,t) LV.T(r )= t 3 their theories is consistent with data required by their theory.

at Try=sr.y, ©) The results in Sec. Il demonstrate the often large differences

in the magnitudes and profiles between the two sets of trans-
where I'(r,t)=n{c) is the swarm particle flux, an&(r,t) port coefficients. Of course, in the absence of nonconserva-
represents the production rate per unit volume per unit timéive processes, the bulk and flux transport coefficients coin-
arising from nonconservative collisional processes. cide.
In the context of static field$23,24], transport coeffi- Expansion(4) was employed in the determination of ac
cients are generally defined in connection with the hydrodyswarm transport coefficienf40,14,16—18without due con-
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sideration(if at all) to the origin, approximations and limita- whereG®V is the irreducible gradient operatd1]. Finally,
tions of such an expansion. In particular we highlight threethe speed dependence of the above coefficients is represented
important points. by an expansion about a Maxwellian at an arbitrtinge-

(i) Such an expansion assumes the spatial dependence @épendentemperatureél;,(t), in terms of Sonine polynomi-
all quantities is carried entirely by thiestantaneousiumber  gls,
density and its instantaneous spatial derivatives. The space-
time variation of quantities is not influenced by the numberf(Im|s\;c,t)
density at times previous to this. The restrictions associated
with this “instantaneous density approximation” are dis-
cussed in the Appendix.

(ii) Expansion(4) is just one way of representirfgn the
hydrodynamic regime. It is emphasized that E4).is a suf-  where
ficient, but not necessary, condition in that sense. Such a
representation is nevertheless mandatory if transport coeffi-
cients are to be defined. Expansiof) is thus useful for- Ry(a(t)c)=N,,
mally, though for practical purposes the expansion converges
rapidly only for small gradients, and it would not be appro-

[’

=w(a(t),c) >, F(¥'Im|s\;a(t), )R, (a(t)c), (13
v =0

tc)' 2(1)c?
%) 51(1)1/2(“7)' (14)

. : . ! a?(t)\ %2 a?(t)c?
priate, for example, in sheath regions. A common miscon- W(a(t),c):< exp[ - ] (15)
ception is that the hydrodynamic regime presupposes small 2m 2
gradients. It is the assumption of the functional fot#)
which restricts the applicability to small gradients, not the Q2(t)= (16)
assumption of a time-dependent hydrodynamic description kKTp(t)’

per se. Such an expansidar equivalent representatipiis

required whenever time-dependent hydrodynamic transport ) 2732y

coefficients are to be calculated, as in the present paper. NV|:m:
(i) The functional form(4) can also be generated

through a perturbation or successive approximation solutiognd 3(1)1/2(()[2('()02/2) are Sonine polynomials. The require-

of the Boltzmann equation by treating only the spatial deoment for a time-dependent zeroth-order approximation and

rivative term as a perturbation. One should compare this witfjetails as to the choice of the convergence paranigjti

the Chapman-Enskog solution of the Boltzmann equationyre |eft to Sec. 11D 1. The momen&(vIm|sk;a(t),t) sat-

[25], which treats the entire left hand side of the BOIthannisfy the parity, symmetry, rea"ty7 and normalization condi-

equation(1) as the small term and the hydrodynamic solutiontions[1.4] and[I.5].

[26] which treats only the temporal and spatial variation  ysing the orthonormality conditions of the spherical har-

terms as small. monics and modified Sonine polynomials, the following gen-
These points aside, once we establish the same functiongtajization to the time-dependent regime of the hierarchy of

form for the spatial dependence of the phase-space distribuinetic equationgl.16], [1.18], and[1.20] follows:
tion function in the time-dependent hydrodynamic regime as

that associated with the steady state case, the details of the |
spherical harmonic—Burnett function decomposition of the X >, [3:6,, 81 +nd) ,(a(1))8) —Ra(t) 8, 8-
Boltzmann equation under time-dependent hydrodynamic »'=0!"=0

(17

© s}

conditions closely follow those associated with the steady +ia(t)a(t)(I’m1om){(l|[KEp17)

state decompositiof21,27. In what follows we briefly re-

view the decomposition of the Boltzmann equation, high- —nOng,(a(t))F(vl0|00;a(t),t)

lighting the differences between the time-dependent and

steady state procedures where appropriate. X (1= 8506x0) 6110mo] F (¥'Im]s\; a(1),1)
=X(vIm|s\; a(t),1), (18

B. Spherical harmonic decomposition of Boltzmann equation

The directional dependence of the phase-space distribu- (v,1)=0,1,2... 0, |m|<min{l,\}, s+\=even,

tion function in velocity space is represented in terms of a _ S )
spherical harmonic expansion where R, is the attachment rate, and is discussed in Sec.

IID 2. The right hand side vectors remain unchangeside
> from the time dependence in the momentnd explicit ex-
fre)=2> > fOrcyhle), (1) pressions for the required members are given by Hds5],
1=0m=-1 [1.18], and[l.20]. The reduced matrix elements of the colli-
sion operator, velocity derivative, and velocity are given by
allz_qs.[l.ll], [1.12a], and[l.12b], respectively.
The only explicit difference in the hierarchies of kinetic
equations associated with the static hydrodynamic and time-
2 s dependent hydrodynamic regimes is the inclusion of the par-
f%)(r,c,t)zz 2 f(Imls)\;c,t)GET?”n(r,t), (12) tial fci_me-_derivativ_e operator in _the coefficient matrix. The
$=0 X=0 ramification of this on the spatially homogeneous member

where € represents the angles of In the time-dependent
hydrodynamic regime, for our coordinate system, the spati
dependence is represented by
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(s,A=0,0) of the hierarchy is particularly striking. In the 1 *

presence of nonconservative procesand a time-varying Dl'=—-—F" (01011)—n, E ng,(an)[Fg (»'0020)
field (no matter how slight this member is no longer a true @n " V=1 !
eigenvalue problem. The implications of the physical inter- —VZF" (»'0022)], 27)

pretation of the spectrum of eigenvalues in the steady state
problem[21] do not appear to carry over. In the periodic
steady state, Floquet thedf®7] may give relations to these
eigenvalues, but this is by no means obvious.

An implicit finite difference scheme is employed to evalu-
ate the partial time derivatives 18). It is advantageous to
discretize in time at this final stage, to avoid the approxima- + v Fe, (v'0022)
tions associated with finite differencing the continuity equa-

tion. Discretizing in time at theth time step, each element \,here the components involving summations constitute the

0‘; the hierarchy is evaluated at the same basis temperatuggicit nonconservative effects on the transport coefficients,
Ty, If the time step isAt, then the partial derivative at the \yhjje the remainder constitute the flux contribution.

1 o0
D= - F (01111 —ng X, I3, (ay)

v =1

F", (v'0020)

; (28)

nth time step is approximated by The spatially homogeneous mean enekdy) and the
J gradient energy vectoy(t) [16,17]), defined through a den-
EF(va|s)\;a(t),t) sity gradient expansion of the average eneg(t),
a=a, ,t=nA
e IR B vn
~FL (vim|sh) = FgAim[sh) 9 =D f zmetnetde=e(t)+x(t)- -
B At ’
+ ..., (29
where play pivotal roles in a qualitative understanding of the tem-
b _ : poral profiles of the drift and diffusion coefficients. The gra-
F“a( vim[sh) =F(vIm|sh; a(ta), to). (20 dient energy parametey describes the first order spatial

variation of the average energy through the swarm. These

. n*l . .
The quantltyFan (vim|sh) is expressed in terms of the quantities in a Burnett function basis are given by

calculated moment at thean¢- 1)th stesz:l(va|s)\), via

the linear relatior] 28] n:§ nl 4 _ \ﬁ n
) e'=5 kTy 1 3 Fan(10q00) , (30)
Fo, imsh) = 2 AL (uan-2) FL L (2 Im]sh), 3 \F
v =0 n_ _ n| : “en

21) 7'=5 KTy i 3 Fan(loq 11)}. (31
where As we can see, solution of the hierarchy to second order in
- , the density gradients is sufficient to yield all quantities ad-

| Not g (L= )" dressed in this section.

A, (pij) = —uj N (22 This ends the general theoretical decomposition of the

y (v—2")!

Boltzmann equation in the time-dependent hydrodynamic re-
) 32 gime. In Sec. 11D we discuss the numerical aspects of the
«; 2 1 ; ;

I il N2 = _ N2 solution of hierarchy(18).

Hi COT T (v 432 (b))

a
i
(23 D. Numerical solution of the hierarchy
Consistency requires 1. Truncation, convergence, and choice of,T
| . . . .
A (1)=4,, (24) Numerical solution of Eq(18) requires truncation of the

and| summations to manageably finite valugs,, andl .y,
respectively. The values of,,, and v,,, required to satisfy

C. Transport properties some convergence criteria represent the deviation of the ve-
The transport coefficients are related to the calculated mdocity distribution from spherical symmetry and the deviation
ments via of the speed distribution from a Maxwellian distribution at

Ty, (in some sensgerespectively. In general, a singlg, is

i 0 sufficient only to ensure convergence over a limited range of
Ri=ng X, Jour(an)Fg (v'00/00), (25  E/n, or equivalentlys. Hence in time-dependent situations
V=0 where the field(or mean energyfalls outside these limits,
. o the use of a single basis temperature will in general fail. For
Wn:'_ F" (01G00)—in, z Jg (an)E" (»'00/11), quite general applications, the.we_ighting function must su_b-
an " =1 n sequently be allowed to vary in time to accommodate this.

(26)  The scheme for computing the basis temperature at each step
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must be fully automated and self-consistent, and minimizdion interactions with a series of gases under the influence of
the number of basis temperatures uggidce the evaluation an ac electric field. The motivation for employing model
of the collision matrix for eacl, is computationally expen- swarm-particle-neutral molecule interactions lies in the fact
sive). At a given time step, we assume an initial estimate ofthat they can provide an unambiguous test of the validity and
the basis temperature to be that from the previous time stepccuracy of various theories, since cross sections are speci-
The convergence in the index is then considered over a fied analytically. In addition, by virtue of the simple form of
range ofv . values. Failure to meet the convergence criteriathe cross sections in these models, they provide a means to
results in a newT,, and the convergence checks are re-isolate and elucidate physical phenomena and processes
peated. We alternately iterafg, either side away from the which occur in real systems but which may be obscured by
initial estimate ofT,, until the convergence criteria is satis- other interaction processes present. It must be emphasized,
fied. This technique ensures a predefined accuracy of theowever, that the theory and associated computer code are
transport coefficients and/or distribution function coefficientsequally valid forreal cross sections. The emphasis of this
in the v index for a defined,,, value. The value of.,is  Section is the observation and physical interpretation of the
then incremented until some convergence criteria is satisfiegroperties of the instantaneous and cycle-averaged values of

over the whole temporal profile. transport coefficients. In doing so, we hope to provide bench-
marks for future investigations of charged particle swarms in
2. Form and solution of the hierarchy ac electric fields.

. . . . The quantities calculated in the following sections are
Solution for the transport coefficients under conS|derat|oq:unCtions of reduced angular frequency/fy, where is
(up to diffu'sion in the presence of nonconservat_ive Pro+he angular frequency of the electric field ;r;wis the neu-
cesseprequires the solution of five members of the h|erarchy,[ral number density Typical plasma processing conditions
determined by §,\,m)=(0,0,0), (1,1,0, (1,1,D, (2,0,0,

and(2,2,0. The order of solution of membe(defined by the ﬁiﬁ"apﬁiﬁe (;fsotélmTerrai ?rd _azfsr)%q;)e r;grg; 103636,[0'\/':2’
m index) within a given level of the hierarchidefined by 9 P = P

—14
(s, \)] is arbitrary. value of the reduced angular frequency of 28]

In contrast to the steady state, the spatially homogeneodé‘d s
member of the hierarchys(\,m)=(0,0,0) represents a sys-
tem of coupled nonlinear equations, and is solved iteratively A. Power law attachment model
for the momentngn(va|00) and the loss ratdR,. This The power law attachment model is defined[BZ]

technique was found to be robust, and forms a first test on
the suitability of the chosef,. The remaining members of
the hiearchy can be solved via direct numerical inversion.
The coefficient matrix exhibits a tridiagonal block structure,
with off-diagonal blocks sparse. We employ a sparse matrix _ 1 )
routine to exploit this property. E/ng=0.4 cosutTd where 1 Te-10" Vm ’(32)

oe(€)=10e Y2 A? (elastic cross section

oa(e)=aeP A? (attachment cross sectipn

3. Collision operators and calculation of the collision matrix my=16 amu,

For elastic interactions we use the original Boltzmann col-
lision operatof29], while for inelastic and superelastic col- To=293K,
lision we prefer the semiclassical generalization of Wang-
Changet al. [30]. The attachment and ionization collision Wheree is in units of eV. All scattering is assumed isotropic.
operators employed are detailed in Rgf1]. No restriction ~ The validity of the time-dependent code was established by
is made concerning the anisotropy of the scattering crosapplying it to the steady state dc electric field problem. Ac-
sections. curacies to within 0.1% were found for all coefficients over
The calculation of the collision matrix for the “two- all values of thea andp considered.
temperature” moment theory has been developed exten- In Figs. 1-7 we display the variation of the periodic
sively over the last 20 years, and is quite general in its apsteady state profiles of the transport properties for electrons
plicability. In particular we use the elegant Talmi in the model attaching gas for various attachment amplitudes
transformation methods of Kumdsi], which allow the and field frequencies. We display only the power laws
separation of mass and interaction effects. This is particu=0.5 and—1. The benchmark for this gas is the case where
larly important in that we are not restricted to small massp= —1/2. Here the attachment collision frequency is inde-
ratios m/my, and as such the code is applicable to ions agendent of energy and all transport coefficients and transport
well (subject to the applicability of the two-temperature propertiedaside from the attachment reg(t) ] were found
theory). A discussion of the calculation of the collision ma- to be independent of the attachment amplitude. In addition
trix is beyond the scope of this paper, and the reader is rehe bulk transport coefficients were found to be equal to the
ferred to Refs[31,32. flux coefficients [i.e., W(t)=W)(t), noD (t)=n,D™)
X(t), ananDT(t)=n0D(T*)(t)]. This result and the origins
of it are well known for the dc steady state case, and carry
over directly to the ac case. These results support the numeri-
In this section we investigate the transport properties otal integrity of the present code in the presence of attachment
an isolated swarm undergoing model attachment and ionizarocesses.

Ill. RESULTS
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FIG. 1. Temporal variation of the spatially homogeneous mean energy for the power law attachmen32)ddelvarious attachment
amplitudes and power laws as a function of applied frequemicy, (rad n¥s™): (a) 1xX10 2%, (b) 1xX 10 Y, and(c) 1x 10715,
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FIG. 2. Temporal variation of the gradient energy parameter for the power law attachment(8®def various attachment amplitudes
and power laws as a function of applied frequengy, (rad n¥s%): (@ 1x10 %, (b) 1x10" Y, and(c) 1x10 15,
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FIG. 3. Temporal variation of thea=0 drift velocity and bulk drift velocity for the power law attachment mo¢@®) for various
attachment amplitudes and power laws as a function of applied frequehty(radnfs™): (@ 1x10 2, (b) 1x107Y, and (c)
1x10° %,

Figure 1 shows the temporal variation of the mean energyhe mean energy, i.e., attachment heating. The variation of
g, with attachment amplitude and power law for three ap-these profiles with frequency, i.e., the reduction in the am-
plied reduced angular frequenciegn,. The conservative plitude of the modulation and the increase in the phase lag
case is represented by tle=0 profile. Consider the low- with respect to the field, follows directly from well known
frequency caséFig. 1(a)]. For p=0.5, the attachment colli- argumentgsee, e.g., Ref§6, 8—12, 15-18, 3B. They es-
sion frequency increases with energy. This preferential atsentially result from the inability of the swarm averaged
tachment of the higher energy electrons gives rise to th@roperties to responghere with a time scale Qfglwhereve
phenomenon of attachment coolifige., the reduction in the is the energy transfer collision frequendp changes in the
mean(or swarm averagedenergy due to attachmer?2].  field (a time scale ofw~!). However, we note the small
The cooling action is strengthened with increasing attachvariations in the amplitude of oscillations and phase lag with
ment amplitude. In contrast, fer=—1, the attachment col- power law and attachment amplitude, which correspond to
lision frequency decreases with energy and the predominant
removal of the lower energy electrons result in an increase in

n(z,t) n(z,t)

FIG. 5. Schematic representation of a pulse of charged particles
FIG. 4. Schematic representation of a pulse of charged particlel response to a change in the field direction whafé) and all
drifting in a dc electric field with center-of-mass velocly. The local instantaneous drift velocities along the pulse have changed
mean energy(z,t) is also shown in a schematic way. sign beforey.
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FIG. 6. Temporal variation of the attachment free and bulk longitudinal diffusion coefficients for the power law attachmenBgjodel
for various attachment amplitudes and power laws as a function of applied frequémggrad n?s™1): (8) 1x10°2% (b) 1x 10 Y7, and(c)
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the variation in the total energy transfer collision frequencybe generated before the field changes, and @tousrst order
with a andp. in spatial gradienjsthe average energy is constant through-
The temporal variation of the gradient energy paramgter out the swarm.
has important implications for the temporal profiles of the The temporal profiles of the bulk drift velocity are dis-
bulk drift velocity considered later. In the steady state dcplayed in Fig. 3. For both power law models, over the range
case, it is well known that the average energy of the swarnof attachment amplitudes considered here, there is little
increases through the swarm in the direction of the it~  variation in W®*) with a, indicating the implicit effect of
18,34,35, since electrons at the front of the swarm haveattachment on the drift velocity is weak for this model. The
generally fallen through a greater potential. This carries diflux drift velocity is thus approximately equal to the drift
rectly over to the quasi-dc or low-frequency regifwiz. the ~ Velocity when conservative processes only are present. For
a=0 profile in Fig. Za)]. In this frequency regime, for at- clarity we present only the conservative property in Fig. 3
tachment coolingp=0.5, as expected the preferential re- 2nd not the various flux drift profiles.
moval of high energy electrons from the front of the swarm In the I,OW frequency rgglm@'«lz. Fig. 3@, for attach-.
results in a suppression of the spatial variation in the energ ent cooling OZO.'S) the mstantaneoqs bulk drift yelouty
through the swarm while the converse applies for attachme as a lower magmtude as compa_red W'th. the flux drift vel_oc-
heating. Independent of the power law considered, an i) and_ the amplitude of buI_k drift velocity decreases_wnh
crease in the frequency of the applied field results in a de|_ncreasmg attachment amplitude. The converse applies for

in th litude of modulati dani . thattachment heating. The origin of this behavior is well
crease in the amplitude of modulation and an increase in Mg, oy jn ¢ steady state systems, and carries directly over to
phase lag with respect to the field, indicating an inability of

k ¥ the quasi-dc regimg22,35,38. There exist two components
this parameter to relax fully before the field changes. Morgnich contribute to the bulk drift velocityor equivalently

specifically we note that the relaxation time associated With/elocity of the center of mas&CM) of the swarn (1) the

this parameter is decreased with increasirfgr attachment et transport of the CM of the swarm brought about solely by
cooling, while the converse applies for attachment heatingihe electric field force \W*)); and (2) the net transport of
These results are indicated by the appropriate phase lags. It#ge CM of the swarm brought about by energy selective non-
important to note that, in the high frequency lirf¥z. Fig.  uniform creation or annihilatiohS*)(t)]. Figure 2a) shows
2(0)], independent of the power law, the amplitude of thethat the spatial variation of the average energy increases
spatial variation of the average energy through the swarnthrough the swarm in the direction of the drift velocity and
decreases rapidly to zero. Essentially, in the high frequencthis is portrayed schematically in Fig. 4. For attachment
regime, there is insufficient time for any spatial variation tocooling p=0.5, preferential attachment of the higher energy
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electrons from the front of the swarm will result in a shifting sults in the magnitude of net motion of the center of mass
of the center of mass of the swarm in a direction opposite tdrought about only by preferential attachment of low energy
the flux drift velocity (or equivalently the electric field electrons being greater in magnitude and opposite in direc-
force). The decrease in the magnitude of the b(@) ve-  tion (as discussed previouslyo the net drift brought about
locity of the swarm as compared with the flux drift velocity by the field. The center-of-mass drift velocity thus changes
at all phases of the field then follows. Conversely, fior direction before the field changes and the negative phase lag
— 1.0, preferential attachment of the lower energy electronén the bulk drift velocity for this model follows. Essentially
from the tail of the swarm acts to shift the center of mass in(for v,> w), the flux drift velocity is in phase with the field,
the direction of the flux driftelectric field forcg, and sub-  while the nonconservative component of the bulk drift veloc-
sequently the magnitude of the bulk drift velocity at all ity is in phase withy(t). In the phase of the field where
phases of the field is increased as compared with the fluyv®)(t)y(t)>0 (portrayed schematically in Fig)5we have
drift velocity profile. At this frequency, at phases whd&te the anomalous situation where the flux drift velocity
=0, y=0, and henca&v=W®*), W(*)(t) and the net transport brought out by preferential
When the frequency of the applied field is increased how-attachment of high energy electrons are in the same direc-
ever[viz. Fig. Ib)], anomalous properties arise. For attach-tion. As a result in this phasBV®*)(t)| <|W(t)|, in contrast
ment cooling p=0.5), the bulk drift velocity has a “nega- to steady state dc results. The instantaneous bulk and flux
tive” phase lag with respect to the applied field, i.e., the bulkdrift velocity are equal at phases of the field wherg)
drift velocity appears to preempt changes in the field. This=0. Here no preferential spatial annihilation exists, and sub-
negative phase lag increases for increasing attachment arsequently no motion of the center of mass of the electrons
plitudes. In contrast for attachment heating=—1.0), we  can result. Similar arguments can be used to explain the “en-
have a positive phase lag in spite of the applied frequencyianced positive” phase lag in the drift velocity for attach-
satisfying the criteriomw/ng<v,,/ny over the entire cycle of ment heating.
the field. The traditional explanations for describing the In the high frequency regime it is evident from FigcB
variation of the drift velocity with frequency appear to fail that instantaneously thbulk drift velocity approaches the
under these circumstances. This phenomenon arises from tfiax drift velocity, for both attachment power laws and all
inability of the spatial variation of the average energy toattachment amplitudes considered here. We predict this phe-
relax sufficiently quickly to follow changes in the field as nomenon is independent of nonconservative processes at
shown in Fig. 2b). Let us consider only attachment cooling high frequencies. Physically, at these frequencies there is in-
initially (p=0.5). As the field decreases in magnitude, asufficient time for any spatial variation in the average energy
situation is reached where the inability gft) to relax re- to be established at any phase of the cyeia. Fig. 2c)].
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Subsequently, there is no preferential spatial attachmerghow an enhancement or reduction in the cycle-averaged
from any region of the swarm, and it follows that there is novalue with attachment amplitude for attachment heating or
net motion of the center of mass brought about by nonconeooling at low frequencies. The modulation of all profiles
servative processes. decreases to zero in the high frequency limit. Importantly,

To conclude our discussion of attachment processes in asur results indicate the inadequacies of assuming an isotropic
electric fields, we comment on the temporal profiles of thegiffusion tensor; there are appreciable differences in ampli-
bulk and flux longitudinal and transverse diffusion coeffi- y,de and phase of the profiles for diffusion parallel and per-
cients shown in Figs. 6 and 7, respectively. The variation ofengicular to the electric field. The temporal profilengD-
the flux diffusion coefficients with attachment amplitude, 55 5 greater phase lag with respect to the field as compared
power law and frequencii.e., the implicit effect of attach- with noD, . At low frequenciesviz. Fig. )], it is also
ment on diffusion reflect those associated with the mean. o-L: : o

. ; . interesting to note the antiphase behaviongD, (t) for at-

energy. Until recently37], very little was known concerning tachment cooling and=1x 10" A2 (eV) 2 as compared

the physical origins of the variation of the bulk diffusion i | h litudes for 0.5 and all h
coefficients with nonconservative processes, even for thi/ith lower attachment amplitudes f@r=0. and a attach-
—1.0. Importantly, the instantaneous

steady state dc case. These variations are associated with JBENt @mplitudes op = ,
only first order spatial variation of the average enetgy ~ PUlk diffusion coefficients approach the instantanedus
but also second order symmetric variations and involve théiffusion coefficients as frequency is increased.
coefficients associated with a second order expansion of the
average energhEq. (29)]. At this stage we do not attempt to
explain the phenomenon associated with the bulk diffusion
coefficients, but merely highlight some interesting phenom- For the consideration of ionization processes we employ
ena associated with them. We note baifD, and ngD;  the benchmark model of Lucas and Sad[@g:

B. lonization model of Lucas and Saelee

oo(€)=4e Y2 A% (elastic cross section

0.1(1-F)(e—15.6) A2, €=15.6eV (inelastic cross section
Ted€) 710, e<15.6eV,

0.1IF(e—15.6 A?, €=15.6 eV (inonization cross section
TD=10 <156 ev,
P(g,e")=1, (33
m/my=10"3,

E/ny=10 coswtTd,

TO:O K.

Here e is defined in units of eV. Elastic and inelastic scatter-on the effect of ionization on relaxation are generally framed
ing is assumed to be isotropic. For ionization our collisionin terms of a single ionization collision frequency. Math-
operator assumes a zeroth order trunction in the mass ratematically this quantity represents only the inelastic effect of
m/mgy. The ionization partition functiorP(q,e’) then de- an ionization process and does not consider the explicit ef-
scribes the partitioning of the available energy between théect of the ejected electron. The interesting aspect of this
scattered and ejected electrons. When set to unity indicatesodel is that the total cross sectidelastic, inelastic, and
that all fractions of the distribution of the energy availableionization is constant independent of the paraméteiThis
after the ionization process are equally probable. For the lownodel thus represents a good test on the validity of such an
ionization rates consider here, the transport coefficients arassumption.
relatively insensitive to the values of this partitioning func-  The variation of the mean energy and the ionization rate
tion. For high ionization rates, an accurate knowledge of thevith frequency for three values of the paramefeare dis-
partitioning of the available energy between the incident angblayed in Figs. 8) and 8b), respectively. The phenomenon
ejected electrons is requirg¢@2]. This model has been ex- of ionization cooling of the swarm is well knowfi22,36 in
tensively investigated in dc steady state systemslc electric fields, and is shown in Fig(e8 to carry over
[22,36,38,3% directly to the ac case. This phenomenon is independent of
It is common in the literature on ac swarms to find ion-the functional form of the ionization cross section, but is
ization processes simply treated as a another inelastic processengthened with increasing ionization rate. Essentially, the
(see, e.g., Ref$8,11] and others Subsequently, discussions available post-collision energy is now distributed over an
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FIG. 8. Temporal variation ofa) spatially homogeneous mean energy, émdonization rate for the Lucas-Saelee ionization mg88a)
for various values of and applied frequencies/ng (rad i s™ ).

increased number of electrons, and the average energy of the Figures 10a) and 1@b) display the flux and bulk drift
swarm must therefore decrease. At higher frequencies theelocity at two different applied frequencies for three values
amplitude of modulation and the phase lags for varyihg of F. For this model, the implicit effect of ionization on the
values are considerably different, yet the total cross sectiodrift velocity is weak, and the flux components for bdth
remains constant. These indicate that ionization has a signifiralues are essentially equal to the= 0 profiles. As expected
cant influence on the relaxation properties of the swarm eveim the phases of the field where the ionization rates are low,
for the low ionization rates considered here. We should emthe bulk and flux drift velocities are equal. We observe an
phasize that the variation of the phase lag vitis not just  increase in the instantaneous values of the bulk drift as com-
an implicit effect on the relaxation time due to the cooling pared with the flux drift wherF, and hence the ionization
action of ionization. The phase lagduceswith increasing collision frequency is increased. Here, since the ionization
ionization, in contrast to the increase in the relaxation timecollision frequency increases with energy, in general more
(decrease in the inelastic collision frequeneyhich would  electrons are created at the front of the swarm and thus the
be associated with the cooling effect. ionization processes act to shift the center of mass of the

As for the attachment case considered in Sec. Il A, theswarm in the direction of the flux drift. At higher frequencies
temporal variation of the gradient energy parameter is pivwe note a phase shift in the region where the flux and bulk
otal to discussions of the bulk and flux drift velocities. This drift differ due to the phase shift in the ionization rate with
parameter is displayed in Figs(@ and 9b). The profile in  respect to the electric field as shown in Figb)8 We also
Fig. 9a shows the signature effect of threshold inelasticnote an increase in the amplitude of the bulk drift velocity
processes with the significant reduction in the magnitude oprofiles with frequency. This increase is a result of the in-
v(t). We also observe that increasifrigacts to further re- creasgbetween the two applied frequendiés the instanta-
duce the spatial variation in the average energy through theeous values of/(t) in the phases of the field where signifi-
swarm. In addition to the inelastic nature of ionization scat-cant ionization processes occur. We expect that only when
terings, the residual incident energy is also essentially sharetie frequency of the applied field is such that there is signifi-
between the scattered and ejected electrons. Both processmmt ionization processes acting when the field changes di-
act to reduce the average energy in that region of configuraections will there be a positive phase lag in the bulk drift
tion space where the ionization process has occurred. For thiglocity, for reasons similar to those discussed in Sec. Il A.
model, ionization occurs predominantly at the leading edge The flux and bulk longitudinal diffusion coefficients are
of the swarm and the reduction in the spatial variation in thedisplayed for this model in Figs. 18 and 11b) for two
average energy through the swarm due to ionization followsfrequencies. As for the attachment model, the flux diffusion
Using similar arguments, it follows at higher frequencies, thecoefficients essentially follow the same variation with fre-
phase lag ofy(t) is reduced with increasing, as shown in quency andF as that shown by the mean energy. For this
Fig. 9b). model, bulk longitudinalas well as transvergeliffusion is
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FIG. 9. Temporal variation of the gradient energy parameter for the Lucas-Saelee ionization(&3pdel various values of and
applied frequencies/n, (rad P s™1): (a) 1x10718 (b) 1x10°18,

enhanced in the regions where significant ionization occurswhich approximate the bulk transport coefficients by the flux
For higher frequencies, the appearance of a spike in the bulikansport properties are in general not only wrong in magni-
longitudinal diffusion profiles is indicative of an inability of tude but also in the phase lags of the temporal profiles. It is
the transport property to relax in combination with a non-only in the very high frequency regime that we have found
monotonically relaxing transport property. To understandthe bulk and flux transport properties coincide.
this variation fully, one must return to and understand the The theory and mathematical machinery developed in this
relaxation characteristics associated with this coeffidiee¢  work has recently been applied to the space and time mod-
Ref.[33] for a detailed discussion elling of rf parallel plate discharges, incorporating the effects
of space-charge through a multiterm solution of Boltzmann'’s
equation for both the electron and ion species in the dis-

IV. CONCLUDING REMARKS charge. This remains the focus of our future investigations.
In this work we have presented a systematic investigation
of the influence of nonconservative collisional processes on ACKNOWLEDGMENTS

transport coefficients of charged particles in gases under the

influence of an ac electric field at various applied frequen- We wish to thank Professor Zoran Petrovic for his discus-
cies. We havd1) presented a time-dependent multiterm so-sions on aspects of this work, and we would like to acknowl-
lution of Boltzmann’s equation under nonconservative con€dge the support of both the Australian Research Council
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dependent hydrodynamic regime and the conditions under

which it can.be expect_ed to appl§8) demonstrated the dif- APPENDIX: EXISTENCE

feren.cgs which can exist between the. bulk and flux transport OF THE HYDRODYNAMIC REGIME

coefficients and the origin of these differencé$; demon-

strated and interpreted physically the phenomenon of the It was acknowledged in Sec. Il A that certain assumptions
anomalous negative phase lag, in which the drift velocityare involved in obtaining the functional form of fl%) from
preempts changes in the direction of the electric field; andhe assumed functional form of the phase-space distribution
(5) systematically determined the importance of consideringunction (4). In this section we do not attempt a rigorous
the effect of the ejected electron on the temporal profiles oproof as to the exact conditions on the validity of the time-
the transport properties undergoing ionization processes. tiependent hydrodynamic regime, but rather highlighthe
should be emphasized that the flux and bulk transport propeontext of the two-term approximatipsome of the condi-
erties can vary substantially from one another, and theoriesons required in order to validate the flux expansion in Sec.
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FIG. 10. Temporal variation of the flux and bulk drift velocity for the Lucas-Saelee ionization ni@8efor various values of and
applied frequencies/n, (rad nPs™3): (a) 1x10718 (b) 1x 1018,

I A from the functional form of distributior(4). Other more t

formal discussions on the transition to a hydrodynamic de- F1(Z,C,t)=F1(Z,C,0)eXP[ —f Vm[f(t')dt']}
scription in dc electric fields are given in Rd#3]. The 0

extension to ac electric fields at this stage seem difficult. t T

However, Robson and Makaljé4] investigated the transi- - fo exp{ - fo Vin(€e(t— T'))dT'}

tion to the periodic steady statevhere all transients have

decayed away, and all properties oscillate at the field fre- aF,
quency or harmonics thergpfising the analytically solvable X|c——(zct=7)
BGK model.
The starting point is the “two-term” approximation of the JF
spherical harmonic representation of the Boltzmann equation ta(t-n—=(zct-7) dr. (A4)

(1). For simplicity it is assumed that density gradients are
parallel to the field direction, thus maintaining axial symme-

try in velocity space. Under such conditions we have The equivalent of Eq4) in terms of the renormalized quan-

tities is
Jd 2

dFg cdF; a(t)
ic ¢

st 3z 3

F,=—JF,, (A1)

Fi(z.c.t)=F%c,t)n(z,t)—FV(c,1) %(z,tﬂ—--- _

+ a0 R uF, (A2
i teo, a()%—— 1=~ vmF1, (A2

An implicit assumption associated with this particular expan-
sion is that the spatial-dependence is controlled only by the
instantaneous number densitYhis is a sufficient, bubhot a

2l+1 necessary condition for the existence of the hydrodynamic
Fi=F(z.c,t)=i ?fg)(z,c,t). (A3)  regime. In what follows we investigate the restrictions im-
plied by this instantaneous density approximation.

Substitution off =0 form of Eq.(A5) into Eq.(A4) yields
Solution of Eq.(A2) for F, yields (to first order in the density gradient

wherev,, is the momentum transfer collision frequency and
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FIG. 11. Temporal variation of the bulk and flux longitudinal diffusion coefficient for the Lucas-Saelee ionization(@®)del various
values ofF and applied frequencies/n, (rad nts™%): (a) 1x 10718 (b) 1x 107 1%. It should be emphasized that the flux and ionization free

F=0 profiles are essentially the same in this figure.

other models The first term represents the explicit effects of

t
Fl(z,c,t)=F1(Z,C,0)exp[ - Jo Vm(f(t'))dt'] the initial condition. For times greater thas},*, the effects
of initial conditions can be neglected. For 7,

t T
_JO ex%—fo vle(t—7 ))dr] - ﬁjn(zt)
. n(z,t—r)= E —5—~n(zt)
x{ a(t—r7) (c,t—7)|n(z,t—17)
1 if <( ! &n(z’t)) 1
F T< 7
CFE)O)(C,t—T)‘Fa(t—T)a (ct—7) Nzt at A7)
an nzt—1) « T 9 [dn(zt)) an(zt)
XE(Z’I_T) dr. (AB) Tz :jzoj_-g( gy ~ 0

Thus, under a strict nonstationary two-term treatment, we 1 aan(z,t)19z)| 1
observe that,(z,c,t) satisfies a time-dependent hydrody- if T<( ! ) )
namic description, i.e., the spatial dependence is described an(z,t)/ oz at

by a linear functional of the number density. We note, how-
ever[given a time-dependent density gradient expansion oSince the dominant contribution to the integration in Eq.

Fo(z,c,t)], that the spatial dependence Bf(z,c,t) (and (A6) arises forr< vn]l it follows from Egs. (A7) that if
hence the charged-particle fluis not a function of the in-  n(zt) and its spatial derivatives vary on a time scale less
stantaneous number density, and is not directly expressible ifman v,}l, ie.,

the time-dependent density gradient expangid®) without
additional assumptions. The spatial dependende, (f,c,t)

is nonlocal in time. We now investigate the additional as-
sumptions required to reduce E@\6) to thel=1 form of

the density gradient expansigAS).
For simplicity we assume a constant collision frequencya time-dependent density-gradient expansionFefz,c,t)

model (though the arguments are easily extendable to théand thus the charged-particle flufollows:

1 d (akn(z,t)ﬂl

- - -1
Fn(z)lof ot~ oZF <Vm’ (A8)
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t T We are not claiming this to be a rigorous proof as to the
Fi(z,c,t)= —J exy% —J' Vm(E(t_T/))) conditions required for the existence of the time-dependent
0 0 hydrodynamic regime, but it serves to highlight that the ex-
aFE)O) istence of this regime is dependent solely on the timescales
Xla(t—7) (c,t—7)|d7Tn(zt) for variation of the number density. We note our arguments
dJc to this stage are independent of the form of the applied field.

¢ , The physical interpretation associated with restrictiohg)
_ J exp[ — J v(e(t—7"))d T'] (to first order in the density gradientare easily understood:
0 0 (i) the loss rate must be less than the momentum transfer
(1) collision frequency; and(2) the distance drifted by the
IFs swarm over a time of the order of the momentum relaxation
ac time must be less than the length scale for spatial inhomoge-
neity. These restrictions can be generalized to higher order

x| cFY(c,t—r)+a(t—7)

(A9) coefficients, and are independent of the temporal form of the

X(c,t=1) applied field.
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