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Diffusion tensor in electron transport in gases in a radio-frequency field
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Electron transport theory in gases in a radio-frequency field is developed in the hydrodynamic regime from
the density gradient expansion method of the Boltzmann equation. Swarm parameters for the radio-frequency
~rf! field with periodic time modulation are derived as functions of both reduced effective field strength and
reduced angular frequency from the time dependent velocity distribution function. The rf electron transport in
phase space is analyzed from the series of governing equations by a direct numerical procedure~DNP!.
Electron velocity distribution function and corresponding swarm parameters obtained from DNP agree with
those of the Monte Carlo simulation in the frequency range 10–200 MHz at 10 Td for Reid’s inelastic ramp
model gas. The temporal modulation of the ensemble average of energy and the diffusion tensor are discussed.
The appearance of the anomalous time behavior of the longitudinal diffusion coefficient is discussed in
particular detail, and we provide an explanation of the observed effect.@S1063-651X~97!06805-0#

PACS number~s!: 52.25.Dg, 51.10.1y, 52.65.2y, 52.80.Pi
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I. INTRODUCTION

Knowledge of electron transport is required for the des
of low temperature plasma reactors for material processi
as well as for understanding fundamental properties of n
equilibrium discharges. There are two main approache
the theoretical description of electron transport: the kine
Boltzmann equation@1#, and stochastic particle simulatio
by the Monte Carlo method. A number of studies of electr
transport in gases in a dc electric field have been carried
in the past few decades. The phenomenological density
dient expansion method of the velocity distribution functi
of electronsg(r,v) was established by Kumar, Skulleru
and Robson in order to describe the transport of electr
with a density gradient in position in a uniform dc field o
the basis of a hydrodynamic regime approximation@2,3#. dc
electron transport theory in gases based on the microsc
molecular properties has been applied to the study of
electron swarm parameters necessary for discharge mod
and design. This theory has also been used to establish
of absolute collision cross sections for electrons in gases
numerical finite-difference technique not involving any e
pansion of the velocity distribution,g(v,t), has been devel
oped in order to study the relaxation process of dc elec
swarm parameters in velocity space under the spatially in
pendent Boltzmann equation@4,5#.

Reactive plasmas maintained by radio-frequency~rf! or
microwave sources have come to play an important role
the fabrication of microelectronic devices. Modeling of c
pacitively or inductively coupled plasmas driven by an
source has been performed in order to elucidate the disch
structures, particularly aiming at numerical design of plas
processing reactors and procedures@6–8#. Under these cir-
cumstances, detailed investigation of the rf electron swa
transport is significant and desirable. Nevertheless, on
few studies of electron transport in rf fields have been ma
The investigation of rf electron swarms with a spatially u
551063-651X/97/55~5!/5901~8!/$10.00
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form density has been carried out by Wilhelm and Wink
@9# and Makabe and co-workers@10–13#.

The identification of novel temporal behavior of the lo
gitudinal diffusion coefficient in rf fields was briefly reporte
in Ref. @14#. This behavior is dramatically different from tha
of the transport coefficient in a dc field. The diffusion in a
field has been discussed recently by Whiteet al. @15# inde-
pendently of our work. The definition of the anomalous d
fusion effect used by these authors is narrower than ours
they employ a different numerical technique to analyze it

At this point we should point out what we regard
anomalous. If at each moment swarm properties relax m
faster than the field changes, we obtain a quasi-dc situa
The swarm parameters correspond then to the instantan
field and can be obtained by dc calculations for the giv
field. Under quasi-dc conditions both diffusion coefficien
are expected to become equal to the isotropic thermal c
ficient as the field becomes zero. This value is much low
than the high field value for the operating conditions taken
this work. So both components of the diffusion tensor sho
have a minimum as the field becomes zero. At higher f
quencies the minimum may become shallower as the sw
fails to relax before the field increases again. Those two p
sibilities constitute an expected behavior. Anomalous ti
dependence of the longitudinal diffusion coefficient is e
actly the opposite; the longitudinal diffusion coefficient has
narrow maximum for the zero field conditions.

Another important aspect of this work is that we empl
two different techniques to verify that the observed pheno
enon is realistic. While we have full confidence in the a
equacy of the time dependent transport theory, some m
claim that assumptions built into the development of t
theory may be inadequate for the rapidly varying elect
fields. Thus it is particularly important to verify the resul
by Monte Carlo simulations~MCS!, which do not suffer
from similar limitations.

To the best of our knowledge, there has been no comp
5901 © 1997 The American Physical Society
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tive study elucidating all aspects of anomalous longitudi
diffusion coefficient in the rf field. Thus, a more detailed a
thorough study, as well as being from a different point
view, is needed to confirm the anomalous diffusion pheno
enon in rf fields.

This paper presents the electron transport theory, as
rived from the kinetic Boltzmann equation, in gases in ph
space and the results of Monte Carlo simulations under a
field with periodic temporal variation. We focus particul
attention on the novel temporal behavior of the electron
fusion tensor specific to the rf field. In Sec. II, we devel
and formulate the rf electron transport theory on the basi
the hydrodynamic regime, using the method of the dc e
tron transport theory, in which the velocity distribution fun
tion is expanded into powers of the density gradient@2#. In
Sec. III, various temporal properties of the rf electron tra
port with periodicity are shown and discussed. Finally,
Sec. IV, we identify the conditions under which the anom
lous electron diffusion takes place in the rf field.

II. THEORY

The velocity distribution function of electrons in pha
spaceg(r,v,t) under an rf field can be derived from th
Boltzmann equation@1#,

]

]t
g~r,v,t !1v•

]

]r
g~r,v,t !1

eE~ t !

m
•

]

]v
g~r,v,t !

5J@g~r,v,t !#, ~1!

where,r, v, andt show position, velocity, and time, respe
tively. e andm are the electron charge and the mass, a
J@g(r,v,t)# the collision term between the electron and t
neutral molecule. The external electric fieldE(t) is assumed
to be uniform in position and to vary with time as follows

E~ t !5A2ERkcos~vt !, ~2!

whereER and v are the root mean square value and
angular frequency of the rf field respectively,k is the unit
vector in the field direction (z axis!. g(r,v,t) in a rf field is
expanded in terms of spatial gradients of the electron num
densityn(r,t) in a manner similar to that for the dc field@2#,

g~r,v,t !5 (
k50

`

gk~v,t !(S 2
]

]rD
k

n~r,t !, ~3!

wheregk(v,t) is a tensor of rankk and( denotes ak-fold
scalar product. Each tensorial functiongk(v,t) is normalized
at each timet as

E gk~v,t !dv5H 1, ~k50!

0, ~kÞ0!.
~4!

The continuity equation for the electron number dens
n(r,t) is expressed in terms of the density gradients w
time dependent transport coefficientvk(t), as follows:

]

]t
n~r,t !2(

k
vk~ t !(S 2

]

]rD
k

n~r,t !50, ~5!
l
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wherev0(t), v1(t), andv2(t) denote the time dependen
effective ionization rate, the drift velocity vector, and th
diffusion tensor, respectively. It is noted in the case of el
tron transport in a dc field that these transport coefficie
vk, after finite relaxation times, are independent of tim
@2,4,5#. In the rf electron transport targeted by the pres
paper, the time dependent coefficientsvk(t) are essentially
different from those in a dc field, due to both temporal fie
variation and collisional relaxation processes. Substitution
Eq. ~3! in the Boltzmann equation~1! under provision of
electron continuity Eq.~5! results in a series of equation
with time dependent velocity distributiongk(v,t). The first
two partial differential equations are written as

]

]t
g0~v,t !1

eE~ t !

m
•

]

]v
g0~v,t !1v0~ t !g0~v,t !2J@g0~v,t !#

50, ~6!

]

]t
g1~v,t !1

eE~ t !

m
•

]

]v
g1~v,t !1v0~ t !g1~v,t !2J@g1~v,t !#

5vg0~v,t !2v1~ t !g0~v,t !. ~7!

Note that these equations have the same form as Eq.~28a! in
the review by Kumaret al. @2#, except for the time depen
dence of the velocity distribution and the transport coe
cients. Taking into account the axial symmetry ofgk(v,t)
with respect to the field directionk, the first order velocity
distribution g1(v,t) is divided into two components
gL
1(v,t) andgT

1(v,t), parallel and perpendicular to the fiel
E(t),

gL
1~v,t !5g1~v,t !cosu, gT

1~v,t !5g1~v,t !sinu, ~8!

whereu is the polar angle from thevz axis.
The macroscopic transport coefficients, i.e., effective io

ization rateRieff
(t) and drift velocityvd(t), are given by

Rieff
~ t !5v0~ t !5NE @Qi~v !2Qa~v !#vg0~v,t !dv, ~9!

vd~ t !5vz
1~ t !5E vg0~v,t !dv

1NE @Qi~v !2Qa~v !#vgL
1~v,t !dv, ~10!

whereN is the gas number density, andQi(v) andQa(v) are
the collision cross sections for ionization and electron atta
ment. The excitation rateRj (t) of a vibrationally or elec-
tronically excited state with threshold energye j is obtained
in a manner similar to Eq.~9!. The drift velocity in the elec-
tron conservative case is equal to the first term in Eq.~10!,
which represents the ensemble average of velocity. The
ond term in Eq.~10! represents the influence of the electr
production and loss on the center of mass drift velocity@16#.
The ensemble average of energy^e(t)& is written as

^e~ t !&5E 1

2
mv2g0~v,t !dv. ~11!
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In addition, the longitudinal and transverse diffusion coe
cients DL(t) and DT(t) parallel and perpendicular to th
field are written as

v2~ t !5E vg1~v,t !dv5FDT~ t ! 0 0

0 DT~ t ! 0

0 0 DL~ t !
G ,

~12!

where

DL~ t !5vzz
2 ~ t !5E v cosu gL

1~v,t !dv, ~13!

DT~ t !5vxx
2 ~ t !5vyy

2 ~ t !5
1

2E v sinu gT
1~v,t !dv. ~14!

All the time dependent transport coefficients, having peri
icity, are functions of both reduced effective field streng
ER /N and reduced angular frequencyv/N, as discussed in
Refs. @10,11# Both fundamental and higher-order Fouri
components in time of the rf transport coefficient were st
ied in Refs.@10,11#, with the exception of the diffusion ten
sor. The temporal modulation ofDL(t) andDT(t) is there-
fore discussed in this paper in Sec. III A.

We employ a direct numerical procedure~DNP! to obtain
g0(v,t) andg1(v,t) from Eqs.~6! and ~7!. DNP is a finite-
difference scheme using an explicit second-order upw
discretization for the velocity derivatives in spherical coo
dinates. In order to reduce the accumulation of error and
shorten the CPU time, our numerical algorithm, presente
the previous study@13#, is now revised to include calculatio
in all spherical coordinates, rather than employ a coordin
transformation at each time step between the Cartesian
spherical coordinates. The present code was tested for R
inelastic ramp model gas@17#, i.e., the electron conservativ
case, in a dc field, and the transport coefficients were c
pared with those in the literature@18#. The present results
including the diffusion coefficients, are in reasonable agr
ment with the previous ones within a scattering of 2%
E/N of 1, 12, and 24 Td~1 Td510217 V cm2).

The other method for investigating electron transport in
fields is the Monte Carlo simulation. It is difficult to use th
null-collision technique to determine the time of the ne
collision in a time-varying field in MCS@22#. We thus solve
the integral equation for the collision probability discretiz
in small time steps, which are determined as a small frac
either of the mean free time or of the period of the rf fie
depending on the conditions. Hence the present MCS is
very efficient for use in a low frequency field due to a lar
number of collisions during one period, which may la
much longer than the time required for MCS in a dc field
fully relax and achieve good statistics. The number of ti
steps is determined in such a way as to optimize the per
mance of the MCS code without reducing the accuracy of
results. Normally a large number of electrons, 105, is fol-
lowed simultaneously in time. The gas molecules are
garded as stationary.

The Monte Carlo code assumes isotropic scattering
electrons, which is appropriate for electrons and also
sumes conservative~electron number saving! processes.
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Both assumptions can be relaxed to include a more com
representation of collisions. Numerical algorithms for obta
ing random numbers were shown independently to satisfy
the criteria required for our simulation. The initial condition
for electrons are chosen in such a way that the approac
the final periodic state~quasiequilibrium! is not exceedingly
long, but we do not attempt to speed it up by selecting
final distributions from the previous simulation. Usually
monoenergetic swarm or Maxwellian with isotropic veloci
with mean energy close to but not equal to the final stat
selected as the initial distribution of the swarm.

The approach to quasiequilibrium is monitored by obse
ing the time dependence of the ensemble average of en
and of the excitation coefficients, and only after qua
equilibrium has been achieved is sampling of the requi
quantities commenced. Sampling is always performed
times fully uncorrelated with moments of collisions.

The MCS code has been tested in dc fields by perform
calculations for Reid’s inelastic ramp model gas@17# and
argon, and comparing the results to the standard results f
the literature@18#. Agreement within 2% was achieved fo
mean energies, drift velocities, and diffusion coefficien
For the Reid’s ramp model all collisions are isotropic. T
MCS code has two different versions; the more efficient f
lows the electron kinetics in velocities only. That code
used to establish ensemble average of energies, drift ve
ties, and collision rate coefficients. When, however, diffus
coefficients are required, the spatial distribution of the el
tron swarm is followed as well. The diffusion coefficients a
derived from@19#

DL~ t !5
1

2

d

dt
Š@z~ t !2^z~ t !&#2‹, ~15!

DT~ t !5
1

4

d

dt
^x~ t !21y~ t !2&, ~16!

wherer(x,y,z) is the position space coordinates (z is along
the direction of the electric field! of the test electron at time
t. The time-dependent diffusion coefficients are obtained
differentiating the mean square value from the center of m
position. No particular smoothing or fitting is performe
prior to differentiation. A numerically sensitive differentia
tion procedure may be avoided by using the following fo
mulas:

DL~ t !5^zvz&2^z&^vz&, ~17!

DT~ t !5 1
2 ~^yvy&1^xvx&!, ~18!

giving identical results with a somewhat better statistics.

III. RESULTS AND DISCUSSION

A. Temporal modulation of the electron transport

The present calculations by DNP and MCS are perform
under identical external conditions, i.e., in Reid’s ram
model gas with the mass of 4.0 amu~see Fig. 1! at 1 Torr, at
effective reduced field strengthER /N510 Td and 300 K for
field frequencies 100 kHz< f< 200 MHz.
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Figure 2~a! shows the time modulation of the ensemb
average of energŷe(t)& obtained by DNP and MCS fo
frequencies of 10, 50, and 200 MHz atER /N510 Td. In the
case of quasi-dc, shown in Fig. 2~a!, we drew the relaxed
steady state dc values obtained by application of the D
technique for the instantaneousE(t)/N in Eq. ~2!. Shapes of
the modulation and of the phase delay are in good agreem
within 3% errors for all frequencies, though the value o
tained by MCS is systematically a little larger than that o
tained by DNP. The reason is thatg0(v,t) by MCS has a
slightly smaller value along the axial direction (vz) than that

FIG. 1. Set of collision cross sections for Reid inelastic ra
model with mass of 4 amu, which is used in this study.~a! Collision
cross sections;~b! collisional relaxation times at 1 Torr.Qel and
Qex are, respectively, the cross sections for elastic momentum tr
fer and for electronic excitation.tm andte are the relaxation times
for momentum and energy.
P

nt
-
-

by DNP ~see Fig. 3 atvt50 andp/2). Possible causes fo
this are differences in interpolation procedures for cross s
tions. The differences are, however, within the statisti
scatter of the data and thus overall agreement between
two techniques is good.

The ensemble average of energy^e(t)& has a harmonic of
2v as the fundamental wave and, further, smaller even h
monics@10,11#. The phase delay increases and the amplitu
of the time modulation decreases with increasing field f
quency at a constantER /N. It is noteworthy that the phas
lag during the period when the field is weak is larger th
when the field is large. This phenomenon is due to the
pendence of the energy relaxation time on both collision ty
and rate as a function of electron energy~see Fig. 1!, so that
relaxation time shortens with an increase in energy for m
gases@10,11,20#.

Figure 2~b! shows the time variation in the longitudina
and transverse diffusion coefficients,DL(t) andDT(t), ob-
tained by DNP~lines! and MCS~points! for ER /N 5 10 Td,
f 5 10, 50, and 200 MHz at 1 Torr and 300 K. The diffusio
coefficients by MCS are calculated both from the time d
rivative of the variance inn(z,t), Eqs. ~15! and ~16!, and
also by using Eqs.~17! and ~18! with insignificant differ-
ences. The results for diffusion coefficients obtained by D
and MCS~see Fig. 2! are in very good agreement, though th
calculations by MCS contain statistical scatter.

Figure 4 shows the frequency dependence of dc com
nents of^e(t)&, NDL(t), andNDT(t) at a constant value o
ER /N510 Td. ^e&dc has a broad peak as a function of a
plied frequency. The peak originates from the relation b
tween the collisional relaxation time of energy and the per
of the applied field. That is, the minimum value of^e(t)&
gradually increases with increasing field frequency, while
maximum remains constant@Fig. 2~a!#, because the electron
first lose their ability to relax the energy during the low
field phase. This leads to a gradual rise in the time-avera
mean energŷe&dc as a function of applied frequency. Whe
the frequency is further increased, there is no longer time
gain sufficient energy from the instantaneous field, and
maximum of^e(t)& begins to decrease. This results in a dr
of both the time-averaged energy and the temporal mod

s-
l

FIG. 2. Time modulations of~a! ensemble av-
erage of energŷe(t)&, and ~b! longitudinal and
transverse diffusion coefficientsDL(t) and
DT(t), obtained by DNP~solid line! and MCS
~dashed line! for ER /N 5 10 Td, f 5 10, 50, and
200 MHz at 1 Torr in Reid inelastic ramp mode
gas.
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55 5905DIFFUSION TENSOR IN ELECTRON TRANSPORT IN . . .
tion. As a result,̂ e&dc usually reaches its maximum for ver
high frequencies~VHF!. A momentum transfer theory argu
ment for the presence of the maximum in^e&dc was given in
Ref. @23#. The frequency characteristics of the rf transp
coefficients relating to the zeroth order velocity distributi
g0(v,t) are discussed in detail in our previous pap
@10,11,13#.

FIG. 3. Temporal structure of zeroth-order velocity distributi
g0(v,t) at vt 5 0 andp/2 by ~a! DNP and~b! MCS for ER /N 5
10 Td, f 5 10 MHz at 1 Torr in Reid inelastic ramp model gas.
t

s

The dc value of the transverse diffusion coefficie
DTDC

, has frequency characteristics similar to those

^e&dc, which suggests thatDTDC
reflects the characteristics o

the time-averaged energy~see Fig. 4!. As the field frequency
increases, the dc value of the longitudinal diffusion coe
cient,DLDC

, also increases to a sharp peak at 200 MHz.

higher frequenciesDLDC
asymptotically approachesDTDC

,
which monotonically decreases due to the reduction of
energy gained from the field. These monotonically decre
ing characteristics of the rf transport coefficients as a fu
tion of field frequency reflect the strong influence ofelectron
trapping by very high frequency electric field. Under thos
conditions, the electron diffusion becomes isotropic.

It is also worth noticing thatDL(t) in the quasi-dc, con-
verges asymptotically to a thermal value when the field
proaches zero@21,22#, whereas the results for rf fields sho
a peak in this phase. This feature of the rf field indicates t
electrons cannot relax their energy at this phase but also
some other process occurs that causes a peak inDL(t). The
temporal profile ofDL(t) in the rf field is anomalous, and i
completely different from that in the case of the expec
behavior. The characteristics of the modulation and the ph
lag in DL(t) are different from those ofDT(t).

B. Mechanism of anomalous diffusion in rf field

Figure 5 schematically describes the anomalous diffus
of electronsDL(t) during one short periodA overlapping
with the zero crossing of the electric field. At the same tim

FIG. 4. Frequency dependence of the dc components
^e(t)&, NDL(t) andNDT(t) atER /N510 Td and 1 Torr as a func
tion of external frequency in Reid inelastic ramp model gas.

FIG. 5. Schematic diagram of temporally modulated diffusi
coefficients,DL(t) andDT(t) with periodicity ofp in the rf field.
A denotes the period of the phase of anomalous diffusion~see text!.
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5906 55MAEDA, MAKABE, NAKANO, BZENIĆ , AND PETROVIĆ
DT(t) does not show anomalous time dependence. I
known from the electron transport in dc fields thatDL,DT
is satisfied for Reid’s inelastic ramp model gas for allE/N
@17#. We have to consider the distributions in both veloc
and position spaces during one period in order to investig
the temporal behavior of the diffusion fluxes. Figure 6 d
scribes schematically the axial components of the first-or
velocity distributiongL

1(v,t) and density distributionn(z,t)
at each phase in Fig. 5, as related to the diffusion flux in
axial direction,

GDL
~ t !52DL~ t !

]n~ t !

]z
52S E v cosu gL

1~v,t !dvD ]n~ t !

]z
.

~19!

Equation~19! illustrates that each component,G I to G IV , in
the longitudinal diffusion flux is constructed by the veloci
components labeled I–IV in Fig. 6. In particular, regions
and III in gL

1(v,t) in Fig. 6 form the antidiffusion compo
nents inDL(t). The ensemble average of energy^e(z,t)& at
each phasevt in Fig. 5 is also drawn schematically in Fig. 6
whereex gives the lower limit at which electrons can imm
diately relax to the energy corresponding to the instan
neous local field.ex is dependent on bothER /N andv/N, in
addition to the dependence on collisional relaxation times
energy and momentum expressed by@10,11,20#

te
21~e!5NF2mM nm~e!1n j~e!G , ~20!

tm
21~e!5N@nm~e!1n j~e!#. ~21!

Here M is the molecular mass,nm(e) and n j (e) are the
collisional frequencies of the momentum transfer and
inelastic scattering, respectively.Vd in Fig. 6 indicates the
direction of migration of the center of mass ofn(z,t). We
also define the head of the swarm as the group of elect
within the spatial distribution that is at the front of the mo
ing swarm. The tail is the group that is at the opposite end
the spatial distribution. In rf fields, unlike the dc fields, th
direction of field changes and therefore the identity of
head and tail changes.

At the phase~a! when the instantaneous field of Eq.~2! is
high, the local spatially dependent mean energy^e(z,t)& is
higher thanex for all positions. In other words, the loca
energy is immediately subjected to the instantaneous fi
E(t). Also, the value at the head ofn(z,t) is greater than a
the tail. Then, (G I1G III ).(G II1G IV) and a negative slope o
gL
1(v,t) at v50 are satisfied owing to a higher drift flow
under the external field. At this phase,DL(t) behaves nearly
as it does in the dc field.

When the external field decreases@Fig. 5~b!#, electrons
first fail to relax their energy at the tail of the swarm, a
though the momentum relaxation is completely realized i
very short time, i.e.,tm!p/v @see Fig. 6~b!#. The relaxation
then continues towards the head of the swarm. At this po
the electrons in the tail continue to maintain a higher ene
than the electrons in the dc field~equal to the instantaneou
rf field!. Then,G IV increases more than does the value in
is
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dc field. It corresponds to a positive slope ofgL(v,t) at
v50.DL(t) in phase~b! has a larger value than in phase~a!,
as shown in Fig. 5.

After the rf field crosses the zero value atvt5p/2, the
direction of motion quickly changes because the momen
relaxes rapidly, while the energy does not relax@Fig. 6~b’!#
because elastic collisions are not efficient in energy
change. As a result, the slope of^e(z,t)& is still positive
along thez axis. Then, the new front with the energy of le
than^e(t)& atvt5p/2 will be first accelerated by the field in
the subsequent phase. The tail will also maintain its ene
which is higher than that of the head. This means that
total flux, which is the sum of drift and thermal fluxes, in
creases toward the left. The result is a continued increas
DL(t), and the relationDL(t).DT(t). For phase~c!, com-
ponents II and III, ingL

1(v,t) are negligible and it appears a
a transit from the phase~b! to ~d!.

The phase~d! in Figs. 5 and 6 corresponds to phase~b!
with the opposite drift direction. In phase~d!, owing to the

FIG. 6. Schematic diagram of the distributions in both veloc
and position spaces, relative to the diffusion flux parallel to
field. ~a!–~e! correspond to each phase in Fig. 5.
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FIG. 7. Temporal modulations of~a! ^e(t)&,
and~b! NDL(t) andNDT(t) for ER /N5 1.5 Td,
p51 Torr, and f5 100 kHz, 1 MHz, 10 MHz,
and 100 MHz in the model gas withQm5 6
310216 cm2 and mass of 0.4 amu.
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the
acceleration by the field,̂e(z,t)& relaxes at the front to the
value corresponding to the instantaneous field, while in
tail it does not. The number of electrons with energy equi
lent to the instantaneous field gradually increases from
head to tail.DL here approaches the value for the cor
sponding dc field. At phase~e!, the temporal profile ofDL
coincides with that in the dc field equal to the amplitude
the rf field, because the energy is completely relaxed to
field value.

In addition to Reid’s inelastic ramp model, we studied t
anomalous diffusion in the model gas with only a const
momentum transfer cross section,Qm56310216 cm2, and
molecular mass of 0.4 amu. forER /N5 1.5 Td and 100 kHz
, f, 100 MHz at 1 Torr. Relaxation to the quasiequilibriu
in MCS is very long for this model so we only present DN
results. The presence of the anomalous diffusion is c
firmed again in Fig. 7, even in the system without excitatio
This shows that the first requirement for the anomalous
fusion is the decreasing collisional energy relaxation ti
te with energy. In fact, the novel phenomenon inDL(t) is
not present in the system wherete is independent of electron
energy. In the rf electron transport with a constantte , of
course,DL(t) is equal toDT(t) during one period, as it is in
the dc field@21,22#.

At this point we should address the results of Whiteet al.
@15#. These authors limit the definition of anomalous effe
only to the overshoot of the transverse diffusion coeffici
by the longitudinal diffusion coefficient, i.e.,DL(t)
.DT(t). We, however, regard both aspects of the behav
of longitudinal diffusion as anomalous. The first is the i
crease rather than decrease of the coefficient in the regioA
in Fig. 5. While one would expect a small increase
DL(t) with decreasing field due to the quasi-dcE/N depen-
dence, the increase starting between points~a! and ~b! is
unexpected and therefore anomalous. In quasi-dc one w
expect both coefficients to rapidly decrease towards the e
thermal value when the field goes through zero. At high f
quencies, finite relaxation time would make the modulat
of diffusion coefficients smaller but an increase is une
pected. In that sense transverse diffusion shows a more r
lar behavior. The second aspect of the diffusion anomal
that for an even narrower period of time the longitudin
diffusion coefficient is larger than the transverse diffusi
coefficient as discussed by Whiteet al.Our results and ex-
planations are fully consistent with those of Whiteet al.

A simple general explanation of the first aspect of the
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diffusion anomaly can be proposed on the basis of Fig. 3.
a finite electric field@~a1! and ~b1!# the velocity distribution
function in the longitudinal direction peaks off center and
narrower than the symmetric distribution in the transve
direction. When the field is equal to zero,E50, a very rapid
momentum relaxation redirects the velocities while the
ergy relaxation is small. This leads to a symmetric distrib
tion in both directions that is equivalent to the equality of t
two diffusion coefficients. In other words,DL(t) has to in-
crease because momentum was relaxed rapidly, leadin
redirectioning of the velocity. At the same time, energy h
not relaxed in such a short time. Resulting symmetric vel
ity distribution is equivalent to isotropic diffusion. The ove
shoot DL(t).DT(t) occurs for a brief period when field
changes sign. At that instant the head of the swarm from
previous half period becomes the tail while still continuing
expand in the original direction. The new head~which was
up to that moment the tail! has a lower energy so it can b
more easily accelerated in the new direction of the field. T
transverse direction does not have such acceleration and
the spread of the velocities is smaller, i.e., diffusion
slower. Such a situation ends when the new tail decrease
mean velocity and the number and distribution become m
isotropic again with a tendency to develop towards the as
metric dc-like distribution withDT(t).DL(t).

Anomalous longitudinal diffusion in rf fields may be dis
regarded by some as an effect that is difficult to obse
experimentally. However, even at present there are facili
to observe the effect. The so-called Cavalleri diffusion e
periment was developed to measure the electron diffus
coefficients directly, and it is possible to operate it with an
field @24#. At present the time averaged diffusion would b
observed but it is also possible to record the time variation
the spatial profile of the electron swarm that would be ph
dependent. This could be accomplished by triggering s
tially resolved emission detection in conjunction with th
standard Cavalleri technique. In addition to being observa
by the present day techniques the anomalous diffusion i
great importance in modeling of the rf discharges and
understanding their kinetics. Anomalous longitudinal diff
sion adds a degree of nonlinearity to the rf discharge mod
and, as can be seen from the present paper, it is qui
general phenomenon, occurring in most gases.

IV. CONCLUSION

Electron transport theory with periodic time variation in
radio-frequency field has been developed on the basis of
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kinetic Boltzmann equation in the hydrodynamic regim
The temporal profile of the electron diffusion tensor duri
one period under an rf field has been investigated by di
numerical procedure of the Boltzmann equation and b
stochastic Monte Carlo simulation. Of particular significan
for the rf diffusion tensor is the appearance of an anomal
longitudinal diffusion. In summary, the anomalous longit
dinal diffusion coefficient of electrons arises from the fo
lowing conditions:~1! The total collision frequency is an
increasing function of energy, i.e., (]/]e)tm(e)

21.0. ~2!
The relaxation of momentum transfer by collisions is ve
fast as compared to the rf field period, i.e.,tm(e)!v21. ~3!
A lack of collisional energy relaxation occurs within a lim
ited time interval centered around the phase when the ex
nal fieldE(t) crosses zero value.~4! In particular, electrons
fail to relax the energy of their tail, which has a higher e
f
-

.

s

.

ct
a
e
s

r-

-

ergy than the head, at the same time the head of the di
bution gains energy rapidly.

That is, during the phase between~b! and ~d! in Fig. 5 a
unique kinetic phenomenon occurs in the isolated elect
swarm in an rf field, longitudinal diffusion coefficien
DL(t) has a maximum rather than the expected minimu
and even becomes larger thanDT(t).
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