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Mass effects of light ion swarms in ac electric fields
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Transport properties of light ions in gases in ac electric fields are investigated by solving the time-dependent
Boltzmann’s equation. We focus on the way in which transport properties including diffusion are influenced by
the ion-neutral mass ratio as well as the field frequency. Calculations of transient relaxation phenomena in
step-function fields are performed as an aid to understanding the complex temporal profiles of ion transport
coefficients in ac electric fields.
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[. INTRODUCTION tions have since become embedded in much of the literature
on electron kinetics in rf discharge modelifg2,33. The
The study of charged-particle transport in gases under theestrictions on the gas types and field frequencies associated
influence of ac electric fields has application in diverse areawith such approximations/theories are now well known. Re-
ranging from lasers and plasma dischar§gsthrough to  cent advances in the kinetic theory of ac electron swarms
muon catalyzed fusiofi2]. In recent times however, there have overcome many of these restrictiphd—16,25,27,2B
has been much focus on gaseous electronics applications. Biktensions have also been made to consider spatially inho-
is generally acknowledged that future optimization of indus-mogeneous electron swarms in ac electric fields yielding the
trial applications involving radiofrequency/microwave gas-important phenomena of anomalous anisotropic diffusion
eous discharges requires a detailed knowledge of the tranptg 25 27,28 Striking effects on transport coefficients in ac
port theory of charged particles in gases under the influencgiectric fields associated with nonconservative collisional
of oscillating electric fieId:{l,B]: In contrast to the electr_on ‘processes have also been obsef2)29.
component of the plasma discharge models, the Kinetic |, contrast to the extensive literature on ac electron

theory of the ion component has generally been neglecte@warms, the kinetic theory of ion swarms in ac electric fields

prefer_rlng other treatment&.g., ﬂu'd. moc_JIeIs, Monte Carlo has received little investigation in comparison. In spite of the
techniquesand often severe approximations. The need for a

P S T ) well-known literature on dc ion swarnisee, e.g., Ref.34]
systematic investigation of the kinetic theory of ion compo- d references therdinBoltzmann’s equation treatments of
nent ac discharges is high and represents the principal aimif bl h e | bq tricted t del
this work. As a first step toward this goal, we address thos € ac problem have, In general, been restricted 1o mode

charged particles in the bulk of a weakly ionized plasma fac0!lision operatorse.g., the Bhatnager-Gross-KrogBGK)

away from the electrodes. Here the electric field is approxi-COHiSiO” operator for idealized charge transfer collisions

mately homogeneous in space, though periodic in time. This35-37] and Iow—order truncation of moment equations
is commonly referred to as the swarm problem. [38]. The aim of this paper is to combine the theoretical
The majority of the literature for charged-particle swarmsfoundations developed for ac electron swarf@§,27,29
in ac electric fields, including the pioneering works of Hol- With the extensive mathematical infrastructure developed for
stein [4], Margenau and Hartmaf5], and Brown and co- dc ion swarmg39—47 to consider the first systematic treat-
worker [6], has focused on electron swarrsee, for ex- ment of ion swarms in ac electric fields.
ample, works of Winkler and co-workef§—11], Makabe In Sec. Il, we briefly review the time-dependent multiterm
and co-workerd12-16€, Ferreira and co-workergl7-20Q, solution of Boltzmann’s equation. No assumptions are made
Petrovic and co-workerg21-24, as well as by us concerning the following(1l) the number of spherical har-
[25,26,27,28,2D. This path of investigation may in part be a monics required, this is determined solely through predefined
result of the mathematical simplifications, which result fromaccuracy requirements(2) the temporal dependence of
the smallness of the electron to neutral mass ratio. Thesgpherical harmonic coefficients, this theory is thus valid for
simplifications were employed by foundation workers in thearbitrary field frequencieg3) spatial uniformity(subject to
dc field swarmge.g., the “two-term” approximation and the the existence of a time-dependent hydrodynamic description
reduction of the Boltzmann collision operatf80] to the [29]). In this initial study, for demonstrative purposes we do,
Davydov differential form[31]) and were adopted by the however, restrict the form of the interaction to a constant
pioneer workers in ac electric field swarf%—6]. Further elastic cross section. It is emphasized that the theory and
assumptions on the temporal variation of certain Legendrassociated code are valid for more realistic cross sections.
componentge.g., the quasistationafyt], effective field ap- We restrict our discussion to ion to neutral mass ratios in the
proximations[6,17,32, low-order Fourier series truncations range 10%—0.1. Higher order mass ratios, though calcu-
[5,12,13,20) facilitated analytic solution and these assump-lable under dc steady state conditions, proved too expensive
computationally fortime-dependensystems. In Sec. lll, we
present a systematic investigation of the variation of the tem-
*Electronic address: Ronald.White@jcu.edu.au poral profiles of the transport coefficients with the applied
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frequency over the range charged-particle to neutral- (c) Sonine polynomial expansiofinally the speed de-

particle mass ratios are considered. pendence of the coefficients in E@) is represented by an
expansion about a Maxwellian at an arbitréinge-dependent
Il. THEORY temperaturely(t), in terms of Sonine polynomials,

The governing equation describing a swarm of charged ”
particles moving through a background of neutral molecules f(Im|s>\;c,t)=w(a(t),c);0 F(vIm[s\; a(t),1)
in a time-dependent electric fiekl(t) is Boltzmann’s equa-

tion for the phase-space distribution functibfr,c,t), X R, (a(t)c), 4
of N Vf_'_eE(t) af oy L where
e m dc (o). @) | 24\ 2
a(t)c W | (t)ec
. . : Ry(a(t)c)=N,, +1/2 , ®
Herer and c denote respectively the position and velocity J2 2

coordinates in phase space whélandm are the charge and

mass of the swarm particle, respectively. Swarm conditions

are assumed to apply addf,f,) denotes the rate of change w(a(t),c)=
of f due to binary particle-conserving collisions of the

(12 t 3/2 aZ t 2
257)} ex"{_ (2)C ] ©)

charged particle with neutral particles whose distribution m

function f, is Maxwellian at a temperaturg,. We employ a?(t)= KT (D) (7)
the original Boltzmann equation collision operaf80] and b

make no assumptions on the charged-particle to neutral- 2.7312,,1

particle mass ratio in this work. N2

T T 3 ()
In a previous papef29], the theoretical formalism for F(v+1+3/2)

charged-particle swarms in non-conservative gases in ag

. : ; nd S, ,(a?(t)c?/2) are Sonine polynomials. The expan-
fields was o_leveloped. This theory was equally valid for bothSions (2) and (4) amount to the two-temperature Burnett
electron or ion swarms, though the paper focused on electr

X . . . flinction used extensively in dc electron and ion swarms in-
or light ion swarms. In what follows we briefly review the vestigationg42,43. The moments (vIm|sk; a(t),t) satisfy
spherical harmonic/Burnett function decompositi¢mvo- 9 P ' '

temperature theojyof the Boltzmann’s equation under time- the parity, symmetry, reality, and normalization conditions,

i .. . Egs.(5) and (6) of I. The requirement for a time-dependent
dependent hydrodynamic conditions. For further details the ™ : . .
reader is referred to Ref13] (hereafter referred to a$ and ?Nelght function has been detailed previoudly5,29,44.

[29] (hereafter referred to as)ll Briefly, convergence of expansidd) for a givenT,, is sat-

. X . S isfied over a limited range of applied fields or equivalent

(a) Spherical-harmonic expansiohhe directional depen- . : !
R N . mean energies. When the mean energy falls outside this
dence of the phase-space distribution function in velocity . -

. ; . . range,T, must then be appropriately modified.
space is represented in terms of a spherical harmonic expan-" 3 . X o .

sion Using the orthonormality conditions of the spherical har-
' monics and modified Sonine polynomials, the following gen-

Imax | eralization to the time-dependent regime of the hierarchy of
f(r,C’t)zlzo sz—I fOr,c,tH YU (©), (2)  kinetic equations, Eq$16), (18), and(20), follows:

M s

| .
where ¢ represents the angles of The value ofl,,4y is =, 20 [980wr e 10y, (@) 0y +iA(D) ()

incremented until some predefined accuracy criterion is sat- ' ) Ty ’
isfied. This value indicates the deviation of the velocity dis- X(1"'m20[Im)(wH[[KEH[[2" 1) TF (v Im[sh; a(t),t)
tribution function from isotropy.

(b) Density gradient expansionAssuming a time- =X@Im[sh; a(t),1), ©)
dependent hydrodynamic regingthe restrictions of which B
are detailed in Ref[29]), the spatial dependence is repre- (nD=012. .. (vmax:Imax,
sented by [m|<min{l,\},
1 s )
fO(r,c,t)=2> >, f(m|sh;c,HGMn(r,t), (3 s+\ iseven.
s=0 A=0

Explicit expressions for the required right-hand side vectors
whererﬁ” is the irreducible gradient operatp44]. Trun-  are given in Eq(16) of I. The reduced matrix elements of the
cation ats=1 is sufficient to determine transport coefficients Velocity derivative and velocity are given by Eq$2a,b of
up to and including diffusion under conservative conditions.: respectively.

A higher order truncation is required in the presence in non- The calculation of the collision matrix elemenljvsv, , de-
conservative collisional processgz9,45. fined by Eq.(11) of I, for the “two-temperature” moment
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theory has been developed extensively over the last 20 years 2 1
and is quite general in its applicability. In particular, we use ~ T3=Tp 1— §an(1oq00)+ §an(ozq00) ,

the Talmi transformation methods of Kumia1] that allow

for separation of mass and interaction effects. We further (17)
expand the mass-dependent component in terms of a mass > 1
ratio expansion, T =Tp 1- \@an(loq00)+ \@an(ozqom
1= (m+m ) 3 (9. (10) 5
=) 0 - ﬁpgn(ozqow—{an(01q00)}2 . (18

We truncate this expansion to the number of terms required
to .ach|eve a preqe_fmed accuracy. A discussion of the Cal.cufhis ends the general theoretical decomposition of the Boltz-
lation of the collision matrix is beyond the scope of this

. mann’s equation in the time-dependent hydrodynamic re-
paper and the readgr IS referreq to RéB). The compu'ga'- gime. For a discussion of the numerical aspects of the solu-
tion time for calculating the matrix elements of the collision

) S i . . tion of the hierarchy(9), the reader is referred {@9,43.
operator increases with increasing mass ratio due to in-

creased number of terms required in ELD) to achieve con-
vergence. Herein lies the origin of our restriction on the mass 1. RESULTS AND DISCUSSION
ratios considered: for time-dependent systems a range of ba-
sis temperatures is required and the collision matrix must b
evaluated for eachiy, .

An implicit finite difference scheme is employed to evalu-
ate the partial time derivatives in E¢Q). The expression

The aim of this section is to systematically investigate the
Bffect of varying the charged-particle to neutral-particle mass
ratio m/my on the transport properties of charged-particle
swarms in ac electric fields of various frequencies. We limit
oo A > our discussion to a model interaction cross section, prefer-
(14) in Il is used to relate moments with different basis tem- i, jnstead to isolate the effects of the mass ratio rather than
peratures at d_|fferent time steps. . . further complicating the effects by introducing real cross sec-
At the nth time step, the transport coefficients of interestyjong that generally introduce further complexity. In particu-
are related to the calculated moments via lar we employ a gas of hard spher@ a temperaturd,
i =293 K and each with a mass,=4 amu) with a charged-
W"'=—F" (01000), (11)  particle to neutral-particle cross section of &.AFor sim-
@n 0 plicity, scattering is assumed isotropic and elastic. These re-
1 strictions can easily be relaxed in subsequent studies of more
DP'=——F" (01011), (12  realistic situations. The neutral mass is fixed and the swarm-
an " particle to neutral-particle mass ratio is varied between*10
and 0.1. We consider a harmonic field of the foEn,
DI=— iFZ (01111). (13 = 1(coswt) Td, where 1 Tek1x 10‘.21 Vm2. The quanti-
ap n ties calculated in the following sections are functions of the

) _ reduced angular frequenay/ny, wherew is the frequency
The spatially homogeneous mean enes@t) and the gradi- o the field andn, is the neutral number density.

ent energy vectog(t) [25,28 defined through a density gra- |y \yhat follows we briefly investigate general phenom-
dient expansion of the average swarm enesgyt), enology of transport coefficients in ac electric fields. These
1 1 vn concepts are then employed to investigate the ac profiles of
e(r,t)= _f —mcf(r,c,t)dc=e(t)+ pt)- — +- - -, the spatially homogeneous transport propeiikst velocity
n(r,t)) 2 n and mean energy The effects of spatial gradients are con-

(14 sidered in Sec. Il D, focusing on the anisotropic nature of
diffusion in ion swarms and associated effects, including the
anisotropic nature of the temperature tensor and the gradient
energy parameter.

play pivotal roles in the qualitative understanding of the tem
poral profiles of the drift and diffusion coefficients. These
guantities in a Burnett function basis are given by

N 3 N 2 " A. General phenomenology in ac electric fields
e"=5kTp[ 1—\/3F; (10000) |, (15 . . . :
2 n In general it is not possible to obtain the temporal profiles

of transport properties in ac electric fields through a simple
. \F n extrapolation of steady state dc results or arguments. In what
: §F (10911 . (16) follows we discuss traditional qualitative explanations of the

temporal profiles of electron swarms in ac fields in Sec.
In addition, to further explore the anisotropic nature of ionlll A1 and highlight their inability to qualitatively explain
diffusion, we calculate the elements of tkgpatially aver- certain phenomena. We then outline a scheme by which the
aged temperature tensor, the transverse elenient and  detailed structure in the ac profiles can be understood
longitudinal element , through the use of relaxation profiles. Initially, we restrict

n 3 n
Y :Eka
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] ) ] FIG. 2. Temporal relaxation dfV to step-function changes in
FIG. 1. Temporal relaxation af to step-function changes in the ihe electric field E/ny=0.5 Td for 2m/3<wt<4m/3 and E/n,

electric field €/ny=0.5 Td for 2m/3<wt<4w/3 and E/ng =1 Td otherwisg for the hard sphere model. Values in the paren-
=1 Td otherwisg for the hard sphere model. Values in the paren-iheses denote the power of 10 for the ratidm,. (w/ng

theses denote the power of 10 for the ratiwmg. (w/ng =108 radnPs 1)
=10 radnfs 1)

relax on a time scale governed by the frequency of the field
but also the implications associated with an inability to re-
lax.
1. Traditional prescriptions The (elaxation p(ofil_es associated_ with a step-function
change in the electric field for the various transport proper-
Traditional descriptions of electron swarms in ac electricties are displayed in Figs. 1-5 for two different mass ratios
fields generally focus on the relation between the field frem/m;=10"* and 0.1, respectively, though we focus on the
quency and the various collision frequencies governing theormer in this section. For a given mass ratio, these profiles
relaxation of these properties, e.g., within the confines of theyre dependent on the field magnitude, the change in the mag-
two-term approximation, the isotropic component is gov-nitude and sign of the field, and are further influenced by the
erned by the energy transfer collision frequency, while thgmpilicit time dependence of the collision rates upon the time
anisotropic(or vecto) component is generally governed by variation of the average energy of the swarm. The relaxation
the momentum transfer collision frequenty2,20. These times for this constant cross-section model are effectively
collision frequencies give a measure of the ability of thejnversely proportional to the square root of the average en-
various properties to relax before the field changes. Comparergy. Thus, for a lower fieldor equivalently energy the
son of these collision frequencies with the frequency of theelaxation times increase. It must be emphasized that the
field then giVES rise to four frequency domains, each Chal'aQ'e|axation prof"es are not necessar”y monoto@fﬂ'ee, e.g.,
terized by distinct modulation and phase lag properties in thgsigs. 2 and 5
temporal profiles. These regimes are distinct for electfons Using profiles in Figs. 1-5, one can now consider and
light ion swarms by virtue of the disparity in the two gov- understand the implications of the inability of a transport
erning collision frequencies. property to relax. The subsequent implications for ac electric
For electrons, one assumes that an increase in the appli¢idids can be further emphasized by approximating the ac
frequency generally results in a reduction in the amplitude olectric field as a series of such step functions. In Fig. 6, the
oscillation of the property and an increase in the phase delayhean energy of the electrons is considered at various field

of that properties profile with respect to the fi¢kD]. This  frequencies for this step-function approximation to the ac
generalization has been further propagated through the use of

the semiempirical “effective field theories” for electrons
[6,17,20,32,3B Recent numerical techniques and improved |
analytical treatments have shown that this generalization is 30 /[

our discussion to electrons, but in Sec. Il A3 we demon-
strate the extension to heavier ions.

4-0.04

not globally valid[e.g., (i) there can be an increase in the 1"

]
amplitude of the velocity profil§12,26], (ii) diffusion has a E
decidedly anomalous natuf&6,25]]. In general, the ac elec- 01 ‘
tron transport properties display a more detailed structure i
than the sinusoidal profiles generally predicted in the tradi- 50 /

tional harmonic analysd$,12,2¢. | e s

2. Use of relaxation profiles Phase (2 rad)

-1-0.08

ngt (kg s°)

The detailed structure in the temporal profile of a trans-  FiG. 3. Temporal relaxation afyy to step-function changes in
port property in an ac electric field caiestbe understood by  the electric field E/ny = 0.5 Td for 2/3<wt<4/3 andE/n,
appealing to the relaxation profile of that transport property=1 Td otherwisg for the hard sphere model. Values in the paren-

in response to step changes in the fig?9,46: One must theses denote the power of 10 for the ratiwmg. (w/ng
consider not only the ability of the transport property to =108 radnfs™t.)
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FIG. 4. Temporal relaxation off_ and Tt to step-function
changes in the electric fieldE(no=0.5 Td for 2r/3<wt<4m/3 FIG. 6. The temporal variation of for the hard sphere model
andE/ny=1 Td otherwisgfor the hard sphere model. Values in the (cold gas$ for a step-function approximation to the field at various
parentheses denote the power of 10 for the ration,. (w/n,  applied reduced angular frequencies in parenth@seits of w/no,
=108 radn?s 1) It should be highlighted that fom/m, radn?s?).
=10"* there is essentially no visible difference betwdgiit) and
T+(t). Nonmonotonicity in the relaxation profiles gives rise to

further interesting phenomena in ac electric fields. The non-

field. The time step available for relaxation is inversely pro-monotonicity in the relaxation profiles arises from the exis-
portional to the field frequency. At low frequenciégiz., tence of two or more time constants associated W|th the con-
w/ny=10"2 radnm?s 1), the time steps are sufficiently stitutive influences on :tlhat- prope_rty.. Lef[ us consider, for
long to ensure there is full relaxation before the field€X@mple, them/me=10"" drift profile in Fig. 2 and apply
changes, and the profiles are fully modulated and in phas'® arguments used in the step-function approximation to the
with field. As we increase the frequendgr equivalently field for the mean energy. If the_ field frequency is mcrease_d
decrease the duration of each time $tép the low and de- toa value where th_e drift velocity can no longer relax_ suffl-
creasing field magnitude section of the cycle, the relaxatioff/€ntly before the field changes, then we have the situation
time for this property is sufficiently long that it cannot fully Where the property has “overshot” its steady state value and

relax before the field changes and the value at the end of tH8US at the end of a given step the value may be increased/
step is greater than the equivalent “steady state” valuedecreased over its steady state value if the field magnitude is

When the field changes sign and is increasing in magnitudépcrea_sing/decreasing. _This is the origin of the nor_lsinusoi_dal
the initial value for a given step is actually greater than the?€havior and the maximal property of the amplitude with
equivalent steady state value for that value of the field in thaf’®duency[26] in the ac electron drift velocity profiles. It
step function. Hence, the energy falls even though the fiel@hould be emphasized that one need also consider the re-
magnitude is rising. The converse applies when the fieldPONSe(or equivalently the relaxation profjieof the trans-
magnitude passes its maximum. Herein lies the origin of th&Crt Property to a change in the field direction to fully un-
reduction in the modulation amplitude and increase in th¢lerstand the ac profilg¢&5]. For an exhaustive description of
phase lag with increasing frequency. It should be emphasizeiiS @pproach to understanding the temporal profiles in ac
that this generalization applies only to otheonotonically ~ €lectric fields, the reader is referred to Rief6].
relaxing transport properties, e.@y, T+, T, , andy.
3. Extension to heavier ions

We have outlined above a general “recipe” by which all

charged-particle phenomena in ac electric fields can be un-

L0026 derstood. The task of understanding the influence of the mass
ratio on the ac temporal profiles then reduces to understand-

Loozs ing its influence on the relaxation profiles as shown in Figs.
1- 5. We will return to such arguments and thémy=0.1

{0022 relaxation profiles in Figs. 1— 5 throughout the course of the
following discussions.

-0.020

oo 05 10 B. Drift VelOCity

Phase (2r rad) The drift velocity profiles for various mass ratios and field

FIG. 5. Temporal relaxation of,D, andn,D to step-function ~ frequencies are displayed in Fig. 7. For an increasing mass
changes in the electric fieldE(n,=0.5 Td for 2r/3<wt<47/3  ratio at a given field frequency we obsertlg a reduction in
and E/ny=1 Td otherwisg for the hard sphere model. Values in the rms drift velocity(2) an increase in the phase delay, and
the parentheses denote the power of 10 for the mfim,. (w/n,  (3) a reduction in the nonsinusoidal behavior of the profiles.
=10"18 rad nPs 1) We also note that a reduction in the maximal property of the
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FIG. 7. Temporal profiles ofV/ for various reduced angular FIG. 8. Temporal profiles of for various reduced angular fre-

frequenciesw/ng in parentheses (rad¥s™!) and mass ratiofA) ~ duenciese/ o in parenthesefs(rad%‘l) and mass ratiostA)
m/me=10"% (B) m/my=10"3; (C) m/my=10"2 (D) m/m, m/m0T10 ; (B) mimg=10"°; (C) m/my=10% (D) m/m,
:10*1. =10"-.

: _— . .. gin of this property for electrons is well understood and has
amplitude of oscillation with frequency as the mass ratio ISpeen discussed analytically elsewhi26]

increased(higher frequencies have been calculated but are The reduction of the cycle-averaged value withm, is a

not shown here _ consequence of two factors.

~ As discussed in Sec. Il A, the maximal property and non- (1) The enhanced energy transferred per elastic collision
smusm_dal behgwor are assc_)mated Wlth an over.shoot in thgsm/m, increases enables the “steady state” to be reached
relaxation profile for the drift velocity. For an increasing at lower energies.
mass ratio we observe from Fig. 2 that this “overshoot” is  (2) The increase in the phase lag ¥f with increasing
reduced and the reduction of the maximal property with fre-m/m, results in a reduction in the ability of the electric field
quency and transition toward sinusoidal profiles with in-to input power into the swarm.
creasing mass ratio then follows using the arguments of Sec. The phase lag properties ef follow directly from the

[l A. The overshoot in the relaxation profiles arises from theassociated relaxation profiles in Fig. 1. Here, with an increas-
difference in the relaxation times of the constitutive influ- ing mass ratio we observe a reduction in the relaxation time
enceqVviz., the initial response oV to changes in the field is  for the profile. Although the implicit effect of a decreasing
governed byv,, while the long term response is governed by is to reduce the collision frequen¢snd hence act to increase
ve—an implicit effect of the energy variation in the collision the relaxation timg the increased energy transfer per elastic
frequency. For low mass ratios there is a large separation ircollision enables the swarm to quickly dissipate excess en-
the relaxation times of the constituent influences\BnAs  ergy (for a falling field or equivalently reach its steady state
m/myg increases this separation reduces and consequently $fr an increasing fieldand this appears to be the dominant
too does the overshoot. effect.

Physically, increasingn/mg, acts to reduce the random-

ization of swarm-particle velocities caused by elastic colli- D. Diffusion
sions and the ability of the swarm to respond to changes in The influence of the ion-neutral mass ratio on the tempo-
the field magnitude and direction is subsequently reduced. . oo PR P
This is reflected in the increase in the time required for th al profiles of the longitudinal and transverse diffusion coef-

swarm to relax to its overshot valiie., the relaxation time icients in ac electric fields of differing frequencies is dis-
of the initial transientin Fig. 2. The iﬁcrease in the phase played in Fig. 9. Before we begin a detailed discussion of the

lag with respect to the field with increasimymg then fol- ph_enomer_mn of an_or_nalous anisotropic dlf_fuspn, we will
lows. briefly review the origin of anisotropic diffusion in dc elec-

tric fields. Thetwo sources of anisotropy argl) thermal
anisotropy, dispersion of charged particles associated with
random motions idifferent in the directions parallel and
The mean energy profiles for various mass ratios are disperpendicular td; (2) differential velocity effect, the spatial
played at various frequencies in Fig. 8. We note for an in-variation of local average velocities through the swarm com-
crease in the mass ratio at a given frequerity a decrease bined with an energy dependent collision frequency act to
in the cycle-averaged value of the mean enel@y,a de- influence the spread of the swarm parallel to fig28,47.
crease in the amplitude of modulation, af®l a decrease in In review, if we consider a pulse of swarm particles drift-
the phase delay of the profile with respect to the field. Ining and diffusing under the influence of a dc electric field,
addition, for a given mass ratio, a maximal property withthen those at the front of the swarm will have a higher energy
frequency in the cycle-averaged value is observed. The orithan those at the trailing edg@ here is no spatial variation

C. Mean energy
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Phase (2= rad)

(D)#" Vo X Lo
y X 00 05 o FIG. 10. The temporal variation af,D, for the hard sphere
Phase (2x rad) Phase (2x rad) model (cold gas for a step-function approximation to the field at

various applied reduced angular frequencies in parentheses.
FIG. 9. Temporal profiles ohyD, and nyD+ for various re-
duced angular frequencies/n, in parentheses (rad¥s™!) and

mass ratios:(A) m/my, = 104 (B) m/my=10"% (C) m/m, increases the height and temporal extent of the spike is in-

=102, (D) m/my=10"". creased until it becomes the dominant feature in the temporal
profile of D ;
in the mean energy transversing the figlt.the collision (2) There exist phases in the field whddg /D+# 0.5 and

frequency increases with energyr’r(> 0) then those at the indeed cases Whet@L> DT in contrast to the dc Steady state
front of the swarm will have a smaller instantaneous driftcase. The fraction of the field where the latter relation holds
than those at the tail. This “differential velocity effect” will increases with increasing frequency until they are antiphase.
act to retard the expansion of the swarm in the direction ofnstantaneously, for a given frequency, diffusion is isotropic
the electric field. Of course, random particle motidtieer- ~ four times per cycle;
mal component of the diffusion tengalways act to spread (3) In a cycle averaged send®, /D increases from 0.5
the swarm, though the anisotropic nature of the temperaturat low frequencies to 1 at high frequencies.
tensor will influence the rate of spreading in the different The origin of anomalous nature of the anisotropic diffu-
directions. The differential velocity effect will thus act to sjon has been discussed elsewhd®,25,28,46 The spike
slow the rate of spreading parallel to the field as compare¢h the D, profile is a signature not only of a nonmonotoni-
with the rate perpendicular to the field. These combined efcally relaxing transport coefficient, but one in which the ini-
fects can be summarized in the following empirical relationstial transient response is opposite to the long term response
for dc electric fieldggeneralized Einstein relation—see, e.9.,as shown in Fig. Se.g., the response is through a higher
[34]): value before relaxing to a value lower than the initial value
To further emphasize this, we again consider the ac electric

ﬂ: l JInW (19) field as a series of step functions as shown in Fig. 10. The
Dr Ty dInE’ spike appears in the low-fieldow-energy phase of the
cycle where the relaxation time is longer. As the field fre-
T, pvhyW quency increases the phases of the field where full relaxation
:T_T k—TT (20) is prevented increases and the “spike” component then

dominates the profile.

It is interesting in this case to note that the phases of
tantaneous isotropic diffusion correspond to phases of
field where drift velocity is zero and the spatial variation of
the mean energyy( is zero. The phases of the field where
D, >D+ correspond to phases wheyét) W(t)>0. Here the
spatial variation in the swarm cannot respond to a change in
the field direction as quickly as the drift velocity. If one
considers EQq(20) to apply instantaneously, one can see in
these phases that the differential velocity effect now acts to
enhance longitudinal diffusiof25,46|.

In previous work{25,46 we have studied the anomalous  For ion swarms the situation is further complicated by the
nature of electron diffusion in ac electric fields over a widepresence of an anisotropic temperature tensor and the modi-
range of field frequencies. For the present discussion it wilfication of relaxation times for the various constituents. To
suffice to reference the/my=10"* profiles in Fig. 9. There attempt to understand the influence of the mass ratio on the
are some striking effects in the diffusion coefficients: phenomenon of anomalous anisotropic diffusion in ac elec-

(1) At low frequencies we observe the evolution of atric fields we must, therefore, sample the temporal variation
spike in the low-field phase of the cycle. As the frequencyof the constituent components.

For electrons in a cold gas with a hard sphere interactiori‘hS
model (as considered herea ratio D, /Dy~0.5 (actual
value is 0.492is predicted. The facta# In W/dInE is fixed
for this model and hence the departurebgf/D+ from ~0.5

in a cold gas in a dc field is indicative of anisotropy in the
temperature tensor.

1. Anomalous anisotropic diffusion in ac electric
fields—electrons
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FIG. 12. Temporal profiles afyy for various reduced angular

FIG. 11. Temporal profiles of | and Ty for various reduced frequenciesw/n, in parentheses (rad¥s™!) and mass ratiog’A)
angular frequencies/n, in parentheses (rad¥s!) and mass ra- m/my=10"% (B) m/my=103 (C) m/my=10"2; (D) m/m,
tios: (A) m/my=10"%; (B) m/my=103; (C) m/my,=10"2; (D) =101
m/my=10"1.
then follows that this property is reflected in a negative value
2. Temperature tensor of v. The magnitude of this property indicates the degree of

In dc swarms it is well known that an increase in the massSpa'[Ial variation in the average energy through the swarm.

ratio results in increased anisotropy in the temperaturenC';S{;g‘?nC ?Le;sfgiz;[lggst,h\év?mnso\glLrgrgeggéslezstfrc])?tafoirvgg
tensor—the longitudinal component being greater than th 9 9

transversd 34]. Equivalently, the velocity distribution func- Jggfezgzé ?grd(:) ?anpf?gsﬁefg W,&tlrs]orevsvpeeﬁt)tf fg}eaﬂgg q
tion is elongated in the direction of the electric field force. 9 q Y. '

The origin is primarily a result of the increased energy trans-';]eacsrseazzgg :rr;(g)Igﬁrﬁﬁgssgidtggqlazg?lyath(\a/virmie\;alggt to
fer per elastic collision that reduces the energy availabl P 9 P

transverse to the field post collision %he field—for high frequencies; the phase lag appears to ap-
) eproach a value ofr, independent of the mass ratio. Argu-
rments used to explain these ac profiles from the associated

temperature components as a function of the mass ratio a . ' . .
Lelaxatlon profiles for this property are equivalent to those

field fr ncy. In rdance with dc results, anisotr . e S .
eld frequency. In accordance de results, anisotropy o Qe The origin of the reduction in the relaxation time with

the temperature tensor develops as the mass ratio increases, ™" . . - . .-
independently of the field frequency. More specifically, at am/mO, is the increased energy dissipated per elastic collision.

given frequency we observe for an increase in the mass ratio,
over the range ofv/ng andm/mg considered:

(1) A reduction in the cycle-averaged valus and Ty,

4. Diffusion in ac ion swarms

Before considering the detailed structure of the temporal

. . . o o profiles in ac fields, we should highlight an important point

the(ér;iqua(;lty1;LZTTtEelng zatllstf'led at alll.tfrgqu?r;)c'?hs’ concerning the variation of the diffusion coefficients with an
reductionin the moduiation ampfitude ot both com- increasing mass ratio in a dc electric figldz., the steady-

ponents, with the modulation &fy =T ; . state values in the relaxation profiles in Fig. ®/e note that
(3) An enhancement of the phase laglgfwith respect to (1) as m/my increasesD, changes from a monotonically
increasing to monotonically decreasing functiorEdh,, and
2) Dt is a monotonically increasing function &fn, for all
/mq considered. The first property results from the increas-
ing relative contribution of the thermal motion of the back-
round gas to the swarm propertiesnaln, is increased for
e field range considered—the swarm approaches thermal
equilibrium with the neutrals and diffusion approaches isot-
ropy. For background gas temperatufé®d this property is
no longer present.
) The structure of the profiles for the electrons and those up
3. Gradient energy parameter to and includingm/my=10"2 in Fig. 9 are qualitatively
The average energy of the swarm in a dc electric field isquivalent and we would expect our arguments used in Sec.
known to increase in the direction of the drift velocity—the 111 D 1 to carry over to these mass ratios. For a mass ratio of
charged particles at the front of the swarm have on an avertO !, however, we notéaside from the different quasi-dc
age fallen through a greater potential and hence on the avebehavioj that (1) the absence of a spike in tiy profile in
age are more energetic than those at the tail. Fron{Egjit  the low-energy phase at low frequencies @&dthe phases

T..
Further analytic study is required to isolate the disparity
in the relaxation times and associated phase lags in the
profiles. It is interesting to note that tig and T+ profiles
for m/my=10"1 are closest at the phase of the field whére
passes through zero, but are never equal for this mass rati
This is indicative of a property whose controlling influences
are convoluted rather than multiplicative, by virtue of time-
scales that are not too disparate.
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of the field whereD >D+ do notcorrespond to those where ratio cases with various approximate collision operators.
Wy>0. The absence of the spike can be seen directly from The technique becomes increasingly inefficient as the
the relaxation profiles in Fig. 5: In contrast to other massMass ratio approaches unity. The calculation of the collision
ratios, form/my= 10" the initial and long term responses to Matrix for a givenT, is very computationally expensive in

a change in the field are in theamedirection. As for the this limit and is inadequate for the consideration of nonper-
anomalous region, giveTi, =T+ over all phases of the field turbative field strengths. One technique that shows particular
for this mass ratio, if one instantaneously applied the relatioPromise for this regime is the bi-Maxwellian treatmg48],

20, one might expect the region whedg > D+ to subsume where the calculation of the collision matrices at two “ap-
the criterion for smaller mass ratiogVfy>0). In contrast to ~Propriate” Ty, only are required, and the appropriate weight-
the smaller mass ratios, however, there does not occur tHB9S aré then used to account for time-variation effects.
same separation of relaxation time scales of the constituent We introduced a scheme to understand the temporal pro-
influences for a mass ratio af/my,=10". The influence of files of transport properties in ac electric fields through stud-

the different physical mechanisms are now convoluted anéfS Of the relaxation profiles of the various properties. This
physical understanding of the anomalous region is no longetcheéme enabled us to understand the removal of the spike in
obvious. the D profile as the mass ratio is increased as well as the

other mass ratio related effects on the modulation and phase

relations of the various transport properties. The study points

to the need for an analytic study of ion swarms in ac electric
In summary, we have presented an investigation of thdields to fully comprehend some of the detailed modulation

influence of the charged particle to neutral particle mass ratiand phase lag relationwiz., an extension of the work of

on the transport coefficients of swarms in an ac electric fieldRobsonet al. [28] to arbitrary mass ratigs

over a wide range of frequencies. The full time- and space-

dep_e_ndent Boltzmann equatlo_mth the_ original Boltzmann ACKNOWLEDGMENTS

collision operator was solved in the time-dependent hydro-
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