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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 prdodiR)re
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 eff&t063-651X97)06805-0

PACS numbgs): 52.25.Dg, 51.106ty, 52.65-~y, 52.80.Pi

[. INTRODUCTION form density has been carried out by Wilhelm and Winkler
[9] and Makabe and co-workef$0-13.

Knowledge of electron transport is required for the design The identification of novel temporal behavior of the lon-
of low temperature plasma reactors for material processinggitudinal diffusion coefficient in rf fields was briefly reported
as well as for understanding fundamental properties of nonin Ref.[14]. This behavior is dramatically different from that
equilibrium discharges. There are two main approaches tof the transport coefficient in a dc field. The diffusion in a rf
the theoretical description of electron transport: the kinetidield has been discussed recently by Wheteal. [15] inde-
Boltzmann equatiori1], and stochastic particle simulation pendently of our work. The definition of the anomalous dif-
by the Monte Carlo method. A number of studies of electronfusion effect used by these authors is narrower than ours and
transport in gases in a dc electric field have been carried odhey employ a different numerical technique to analyze it.
in the past few decades. The phenomenological density gra- At this point we should point out what we regard as
dient expansion method of the velocity distribution functionanomalous. If at each moment swarm properties relax much
of electronsg(r,v) was established by Kumar, Skullerud, faster than the field changes, we obtain a quasi-dc situation.
and Robson in order to describe the transport of electronshe swarm parameters correspond then to the instantaneous
with a density gradient in position in a uniform dc field on field and can be obtained by dc calculations for the given
the basis of a hydrodynamic regime approximafigi8]. dc  field. Under quasi-dc conditions both diffusion coefficients
electron transport theory in gases based on the microscopare expected to become equal to the isotropic thermal coef-
molecular properties has been applied to the study of thécient as the field becomes zero. This value is much lower
electron swarm parameters necessary for discharge modelitigan the high field value for the operating conditions taken in
and design. This theory has also been used to establish a $bts work. So both components of the diffusion tensor should
of absolute collision cross sections for electrons in gases. Aave a minimum as the field becomes zero. At higher fre-
numerical finite-difference technique not involving any ex- quencies the minimum may become shallower as the swarm
pansion of the velocity distributiorg(v,t), has been devel- fails to relax before the field increases again. Those two pos-
oped in order to study the relaxation process of dc electrosibilities constitute an expected behavior. Anomalous time
swarm parameters in velocity space under the spatially indedependence of the longitudinal diffusion coefficient is ex-
pendent Boltzmann equatigs,5]. actly the opposite; the longitudinal diffusion coefficient has a

Reactive plasmas maintained by radio-frequefidy or  narrow maximum for the zero field conditions.
microwave sources have come to play an important role in Another important aspect of this work is that we employ
the fabrication of microelectronic devices. Modeling of ca-two different techniques to verify that the observed phenom-
pacitively or inductively coupled plasmas driven by an rfenon is realistic. While we have full confidence in the ad-
source has been performed in order to elucidate the dischargegjuacy of the time dependent transport theory, some may
structures, particularly aiming at numerical design of plasmalaim that assumptions built into the development of the
processing reactors and procedufés8]. Under these cir- theory may be inadequate for the rapidly varying electric
cumstances, detailed investigation of the rf electron swarnfields. Thus it is particularly important to verify the results
transport is significant and desirable. Nevertheless, only &y Monte Carlo simulation§MCS), which do not suffer
few studies of electron transport in rf fields have been maddrom similar limitations.

The investigation of rf electron swarms with a spatially uni-  To the best of our knowledge, there has been no compara-
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tive study elucidating all aspects of anomalous longitudinalhere w°(t), w'(t), and w?(t) denote the time dependent

diffusion coefficient in the rf field. Thus, a more detailed andeffective ionization rate, the drift velocity vector, and the

thorough study, as well as being from a different point ofdiffusion tensor, respectively. It is noted in the case of elec-

view, is needed to confirm the anomalous diffusion phenomiron transport in a dc field that these transport coefficients

enon in rf fields. X, after finite relaxation times, are independent of time
This paper presents the electron transport theory, as d¢2,4,5. In the rf electron transport targeted by the present

rived from the kinetic Boltzmann equation, in gases in phaseaper, the time dependent coefficieni§(t) are essentially

space and the results of Monte Carlo simulations under an different from those in a dc field, due to both temporal field

field with periodic temporal variation. We focus particular variation and collisional relaxation processes. Substitution of

attention on the novel temporal behavior of the electron dif-Eq. (3) in the Boltzmann equatioil) under provision of

fusion tensor specific to the rf field. In Sec. I, we developelectron continuity Eq(5) results in a series of equations

and formulate the rf electron transport theory on the basis ofvith time dependent velocity distributiogl(v,t). The first

the hydrodynamic regime, using the method of the dc electwo partial differential equations are written as

tron transport theory, in which the velocity distribution func-

tion is expanded into powers of the density gradigtt In d eE(t) o

Sec. lll, various temporal properties of the rf electron trans-ﬁgo vO+ — %go(v’tH"“’O(t)go(v't)_J[go(U't)]

port with periodicity are shown and discussed. Finally, in

Sec. IV, we identify the conditions under which the anoma- =0, (6)

lous electron diffusion takes place in the rf field.

2.0+ = L gin 0+ 000 0,0) - g o,0)]
Il. THEORY ad v m oo v giv, '
The velocity distribution function of electrons in phase  =wvg°%v,t)— w*(t)g%w,t). (7
spaceg(r,v,t) under an rf field can be derived from the
Boltzmann equatiofd], Note that these equations have the same form a$2Bgq. in
the review by Kumatet al. [2], except for the time depen-
eE(t) o dence of the velocity distribution and the transport coeffi-
9o h+v-—g(ro)+———-—-g(rv) cients. Taking into account the axial symmetry gf{v,t)
with respect to the field directiok, the first order velocity
=J[g(r,v,1)], (1) distribution g*(v,t) is divided into two components,

o _ _ gi(v,t) andgi(v,t), parallel and perpendicular to the field
where,r, v, andt show position, velocity, and time, respec- E(t)

tively. e and m are the electron charge and the mass, and

Jlg(r,v,t)] the collision term between the electron and the gﬁ(v,t)=gl(v,t)cose, g%(v,t)=gl(v,t)sin0, ®)
neutral molecule. The external electric fiddt) is assumed

to be uniform in position and to vary with time as follows: \yhereg is the polar angle from the, axis.

The macroscopic transport coefficients, i.e., effective ion-
E(t)= \/EERkCOS{“’t)’ 2) ization rateRieﬁ(t) and drift velocityvy(t), are given by

where Eg and w are the root mean square value and the

angular frequency of the rf field respectively,is the unit R (t)=w°(t)=NJ [Qi(v)—Q.(v)]vg®(v,t)dv, (9)
vector in the field direction4 axis). g(r,v,t) in a rf field is ef

expanded in terms of spatial gradients of the electron number

densityn(r,t) in a manner similar to that for the dc field], vd(t)=w1(t)=f vg°(v,t)do
o 5\k
9ro0=2, gk(”’t)@(‘ﬁ no, @ N [0/0)-Qu(0) Togi(w.0dv, (10

k ; . .
whereg‘(v,t) is a tensor of .ranlk ar.1d® depotes ak-fpld whereN is the gas number density, a@g(v) andQ,(v) are
scalar product. Each tensorial functigf(,t) is normalized  the collision cross sections for ionization and electron attach-

at each time as ment. The excitation rat&;(t) of a vibrationally or elec-
1, (k=0) tronically excited state with threshold energyis obtained
f g t)dv:{ » 4) in a manner similar to Eq9). The drift velocity in the elec-

' 0, (k#0). tron conservative case is equal to the first term in @§),

which represents the ensemble average of velocity. The sec-
The continuity equation for the electron number densityond term in Eq(10) represents the influence of the electron
n(r,t) is expressed in terms of the density gradients withproduction and loss on the center of mass drift velogis].
time dependent transport coefficient(t), as follows: The ensemble average of enexg(t)) is written as

d S a\K B 1,
ZNrD=2 WK HO| - =) n(r,H=0, (5) <e(t)>:f§mv 9°(v,t)dv. (11)
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In addition, the longitudinal and transverse diffusion coeffi-Both assumptions can be relaxed to include a more complex
cients D, (t) and D+(t) parallel and perpendicular to the representation of collisions. Numerical algorithms for obtain-

field are written as ing random numbers were shown independently to satisfy all
the criteria required for our simulation. The initial conditions
Dy(t) O 0 for electrons are chosen in such a way that the approach to
wz(t):f vgt(v,t)dv=| O D(t) 0 |, the final periodic statéquasiequilibrium i_s not exceedingly
0 0 D, (1) long, but we do not attempt to speed it up by selecting the
L

(12) final distributions from the previous simulation. Usually a
monoenergetic swarm or Maxwellian with isotropic velocity
where with mean energy close to but not equal to the final state is
selected as the initial distribution of the swarm.
) 1 The approach to quasiequilibrium is monitored by observ-
DL(t):“)zz(t):j v cod gi(v,t)dv, (13)  ing the time dependence of the ensemble average of energy
and of the excitation coefficients, and only after quasi-
1 equilibrium has been achieved is sampling of the required
D1(t) = wh () =w] (1) = 5] v sind gi(v,t)dv. (14  quantities commenced. Sampling is always performed at
times fully uncorrelated with moments of collisions.
d- The MCS code has been tested in dc fields by performing

All the time dependent transport coefficients, having perio \ ) ) ;
b P gp pcalculations for Reid's inelastic ramp model gds’] and

icity, are functions of both reduced effective field strengt i
Ex/N and reduced angular frequenayN, as discussed in argon, and comparing the results to the standard results from

Refs. [10,11 Both fundamental and higher-order Fourier the literature[18]. Agreement within 2% was achieved for

components in time of the rf transport coefficient were stug/mean energies, drift velocities, and diffusion coefficients.

ied in Refs[10,11], with the exception of the diffusion ten- For the Reid’s ramp model all collisions are isotropic. The
sor. The temporal modulation @ (t) and D+(t) is there- MCS code has two different versions; the more efficient fol-

fore discussed in this paper in Sec. Il A lows the electron kinetics in velocities only. That code is
We employ a direct numerical pr.ocedL.([éNP) to obtain  USed to establish ensemble average of energies, drift veloci-
9°(v,t) andgl(v,t) from Egs.(6) and (7). DNP is a finite- ties, and collision rate coefficients. When, however, diffusion
’ ' d:oefficients are required, the spatial distribution of the elec-
discretization for the velocity derivatives in spherical coor- tron swarm is followed as well. The diffusion coefficients are

dinates. In order to reduce the accumulation of error and t(sienved from[19]

shorten the CPU time, our numerical algorithm, presented in

the previous studj13], is now revised to include calculation D (t)= 1 i([z(t) —(z(1))]?) (15)
in all spherical coordinates, rather than employ a coordinate - 2 dt ’

transformation at each time step between the Cartesian and

spherical coordinates. The present code was tested for Reid’s 1d

inelastic ramp model gg4.7], i.e., the electron conservative Dr(t)=7 a(x(t)zﬂLY(t)z), (16)
case, in a dc field, and the transport coefficients were com-

pared with those in the literatufd8]. The present results, wherer(x,y,2) is the position space coordinatesi¢ along
including the diffusion coefficients, are in reasonable agreeg,q girection of the electric fiejcbf the test electron at time

m/ent ¥Vith t2he p(rje\zlious onzs_wi@lir?w a sczattering of 2% at; e time-dependent diffusion coefficients are obtained by
E/N of 1, 12, and 24 Td.l i _.10 . V.em?). . differentiating the mean square value from the center of mass
_ The other method for investigating electron transport in rf qition N particular smoothing or fitting is performed
fields is the Monte Carlo simulation. It is difficult to use the prior to differentiation. A numerically sensitive differentia-

null_—c_ollis_ion t_echniqug to _detgrmine the time of the neXtiion procedure may be avoided by using the following for-
collision in a time-varying field in MC$22]. We thus solve mulas:

the integral equation for the collision probability discretized

in small time steps, which are determined as a small fraction _ _

either of the mean free time or of the period of the rf field, DLO=(zv2)~(2)(v2), (7

depending on the conditions. Hence the present MCS is not g

very efficient for use in a low frequency field due to a large Dr(t)=2({yvy) +(xv0),

number of collisions during one period, which may last

much longer than the time required for MCS in a dc field to

fully relax and achieve good statistics. The number of time

steps is determined in such a way as to optimize the perfor- Ill. RESULTS AND DISCUSSION

mance of the MCS code without reducing the accuracy of the

results. Normally a large number of electrons?® 18 fol-

lowed simultaneously in time. The gas molecules are re- The present calculations by DNP and MCS are performed

garded as stationary. under identical external conditions, i.e., in Reid’'s ramp
The Monte Carlo code assumes isotropic scattering ofnodel gas with the mass of 4.0 arfsee Fig. 1 at 1 Torr, at

electrons, which is appropriate for electrons and also aseffective reduced field strengir/N=10 Td and 300 K for

sumes conservativéelectron number savingprocesses. field frequencies 100 kHzf< 200 MHz.

difference scheme using an explicit second-order upwin

(18

giving identical results with a somewhat better statistics.

A. Temporal modulation of the electron transport
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by DNP (see Fig. 3 atwt=0 and#/2). Possible causes for
— —— this are differences in interpolation procedures for cross sec-
tions. The differences are, however, within the statistical
scatter of the data and thus overall agreement between the
two techniques is good.
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o The ensemble average of enekgyt)) has a harmonic of
< 2w as the fundamental wave and, further, smaller even har-
o1 Qs iy monics[10,11. The phase delay increases and the amplitude

s 1 of the time modulation decreases with increasing field fre-

00 1 . . | S quency at a constarir/N. It is noteworthy that the phase
00 04 08 12 16 . . A .
Electron Energy [eV] lag during the period when the field is weak is larger than
(b) " when the field is large. This phenomenon is due to the de-
10°F ' ' pendence of the energy relaxation time on both collision type
2 T and rate as a function of electron enefgge Fig. 1, so that
o 10°0 2 3 relaxation time shortens with an increase in energy for most
5 gaseq10,11,2Q.
g 3 Figure 2b) shows the time variation in the longitudinal
§ 10% Te, and transverse diffusion coefficiend, (t) and D{(t), ob-
I § tained by DNP(lines) and MCS(points for Eg/N = 10 Td,
o T ] f = 10, 50, and 200 MHz at 1 Torr and 300 K. The diffusion
10 0 07 o8 12 16 coefficients by MCS are calculated both from the time de-
Electron Energy [eV ] rivative of the variance im(z,t), Egs. (15) and (16), and

also by using Eqs(17) and (18) with insignificant differ-
FIG. 1. Set of collision cross sections for Reid inelastic rampences. The results for diffusion coefficients obtained by DNP
model with mass of 4 amu, which is used in this stu@yCollision ~ and MCS(see Fig. 2are in very good agreement, though the
cross sectionstb) collisional relaxation times at 1 TorQe and  calculations by MCS contain statistical scatter.
Qex are, respectively, the cross sections for elastic momentum trans- Figure 4 shows the frequency dependence of dc compo-
fer and for electronic excitatiorr,,, and 7, are the relaxation times nents of( E(t)>, ND,(t), andND+(t) at a constant value of
for momentum and energy. Er/N=10 Td.{€)q4. has a broad peak as a function of ap-
plied frequency. The peak originates from the relation be-
Figure Za) shows the time modulation of the ensembletween the collisional relaxation time of energy and the period
average of energye(t)) obtained by DNP and MCS for of the applied field. That is, the minimum value @f(t))
frequencies of 10, 50, and 200 MHzB%/N=10 Td. In the  gradually increases with increasing field frequency, while the
case of quasi-dc, shown in Fig(a?, we drew the relaxed maximum remains constafftig. 2], because the electrons
steady state dc values obtained by application of the DNMirst lose their ability to relax the energy during the lower
technique for the instantaneol$t)/N in Eq. (2). Shapes of field phase. This leads to a gradual rise in the time-averaged
the modulation and of the phase delay are in good agreementean energye). as a function of applied frequency. When
within 3% errors for all frequencies, though the value ob-the frequency is further increased, there is no longer time to
tained by MCS is systematically a little larger than that ob-gain sufficient energy from the instantaneous field, and the
tained by DNP. The reason is thgf(v,t) by MCS has a maximum of((t)) begins to decrease. This results in a drop
slightly smaller value along the axial direction,j than that of both the time-averaged energy and the temporal modula-

10[MHz] 50[MHz] 200[MHZz]
%02 b / 1t
/-\\ \ ',
§ 0.1¢ b — DNP | FIG. 2. Time modulations ofa) ensemble av-
-——MCS | erage of energye(t)), and(b) longitudinal and
‘ o transverse diffusion coefficientsD (t) and
—_ I D+(t), obtained by DNP(solid line) and MCS
(b)=, S stime  (dashed lingfor Ex/N = 10 Td,f = 10, 50, and
H'E 1T 1 200 MHz at 1 Torr in Reid inelastic ramp model
k= ——NDL(DNP) ° gas.
= - ~-ND1(DNP) |
= + NDL(MCS) |
é s NDT(MCS)
é | L L L | i— L L L ] 77 — L e
4 0’00 T 210 210 n 2n

g
§T-|
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FIG. 4. Frequency dependence of the dc components of
(e(t)), ND_(t) andND+(t) atEgx/N=10 Td and 1 Torr as a func-
tion of external frequency in Reid inelastic ramp model gas.

The dc value of the transverse diffusion coefficient,
Dt has frequency characteristics similar to those of

(€)ge, Which suggests thddr _reflects the characteristics of

the time-averaged energgee Fig. 4. As the field frequency
increases, the dc value of the longitudinal diffusion coeffi-
cient, DLDc' also increases to a sharp peak at 200 MHz. For

higher frequenciesDLDC asymptotically approache@TDC,

which monotonically decreases due to the reduction of the
energy gained from the field. These monotonically decreas-
ing characteristics of the rf transport coefficients as a func-
tion of field frequency reflect the strong influenceetéctron
trapping by very high frequency electric field. Under those
conditions, the electron diffusion becomes isotropic.

It is also worth noticing thaD (t) in the quasi-dc, con-
verges asymptotically to a thermal value when the field ap-
proaches zerf21,22, whereas the results for rf fields show
a peak in this phase. This feature of the rf field indicates that
electrons cannot relax their energy at this phase but also that
some other process occurs that causes a peBk (). The
temporal profile oD (1) in the rf field is anomalous, and is
completely different from that in the case of the expected
behavior. The characteristics of the modulation and the phase
lag in D (t) are different from those dD(t).

B. Mechanism of anomalous diffusion in rf field

7
e
= =

Figure 5 schematically describes the anomalous diffusion
of electronsD | (t) during one short period\ overlapping
with the zero crossing of the electric field. At the same time

—

==

=

FIG. 3. Temporal structure of zeroth-order velocity distribution
g°%w,t) at ot = 0 andw/2 by (@ DNP and(b) MCS for Ex/N =
10 Td,f = 10 MHz at 1 Torr in Reid inelastic ramp model gas.

tion. As a result{ €)4. usually reaches its maximum for very
high frequenciegVHF). A momentum transfer theory argu-
ment for the presence of the maximumyie) 4. was given in
Ref. [23]. The frequency characteristics of the rf transport
coefficients relating to the zeroth order velocity distribution  FI|G. 5. Schematic diagram of temporally modulated diffusion
g°(v,t) are discussed in detail in our previous paperscoefficients,D (t) and D1(t) with periodicity of 7 in the rf field.
[10,11,13. A denotes the period of the phase of anomalous diffuser text
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D+(t) does not show anomalous time dependence. It is ) Ne (2,1)

known from the electron transport in dc fields tixt<D+ (@) 9 (CZ) B N S
is satisfied for Reid’s inelastic ramp model gas for&IN ; .

[17]. We have to consider the distributions in both velocity

and position spaces during one period in order to investigate

the temporal behavior of the diffusion fluxes. Figure 6 de-

scribes schematically the axial components of the first-order

velocity distributiongﬁ(v,t) and density distributiom(z,t) 9

at each phase in Fig. 5, as related to the diffusion flux in the v LoV,
axial direction, ) 2,]1

Ip ()==D(V) ne Z—( J' v cosd gi(v,t)dv n® slopé

0z 0z 2
19 3 N Ne z’t
(19 1) o R
n I v Rl
Equation(19) illustrates that each componeibt, to I'\y,, in o : /<@ \ &
the longitudinal diffusion flux is constructed by the velocity Y AR P

components labeled I-1V in Fig. 6. In particular, regions Il
and Il in gﬁ(v,t) in Fig. 6 form the antidiffusion compo-
nents inD | (t). The ensemble average of enekgyz,t)) at
each phaset in Fig. 5 is also drawn schematically in Fig. 6,
wheree, gives the lower limit at which electrons can imme-
diately relax to the energy corresponding to the instanta-
neous local fielde, is dependent on botlig /N andw/N, in
addition to the dependence on collisional relaxation times for
energy and momentum expressed[b9,11,2Q

4 2m
7o <e>=N[VVm<E>+vj<e> : (20
PN _ . Ne (z.1)
() =Nl vm( )+ vy(e)l @D R N
N | 7 N L&zh>

Here M is the molecular massy,(e) and vi(e) are the ~  /|\' [/ X
collisional frequencies of the momentum transfer and the Vv,
inelastic scattering, respectivelyy in Fig. 6 indicates the
direction of migration of the center of mass 0fz,t). We
also define the head of the swarm as the group of electrons FIG. 6. Schematic diagram of the distributions in both velocity
within the spatial distribution that is at the front of the mov- and position spaces, relative to the diffusion flux parallel to the
ing swarm. The tail is the group that is at the opposite end ofield. (a)—(e) correspond to each phase in Fig. 5.

the spatial distribution. In rf fields, unlike the dc fields, the

direction of field changes and therefore the identity of thedc field. It corresponds to a positive slope @f(v,t) at

head and tail changes. v=0.D|(t) in phasegb) has a larger value than in phas,
At the phasda) when the instantaneous field of E) is  as shown in Fig. 5.
high, the local spatially dependent mean enefgfz,t)) is After the rf field crosses the zero value at= 7/2, the

higher thane, for all positions. In other words, the local direction of motion quickly changes because the momentum
energy is immediately subjected to the instantaneous fieldelaxes rapidly, while the energy does not ref&ig. 6(b’)]
E(t). Also, the value at the head ofz,t) is greater than at because elastic collisions are not efficient in energy ex-
the tail. Then, [,+T,)>(I",+T'y) and a negative slope of change. As a result, the slope ¢f(z,t)) is still positive
gi(v,t) atv=0 are satisfied owing to a higher drift flow along thez axis. Then, the new front with the energy of less
under the external field. At this phad®, (t) behaves nearly than(e(t)) atwt= /2 will be first accelerated by the field in
as it does in the dc field. the subsequent phase. The tail will also maintain its energy,
When the external field decreasgg. 5(b)], electrons which is higher than that of the head. This means that the
first fail to relax their energy at the tail of the swarm, al- total flux, which is the sum of drift and thermal fluxes, in-
though the momentum relaxation is completely realized in &reases toward the left. The result is a continued increase of
very short time, i.e.7,< 7/ [see Fig. 6)]. The relaxation D (t), and the relatiorD| (t)>D+(t). For phase(c), com-
then continues towards the head of the swarm. At this pointponents Il and lIl, ingﬁ(v,t) are negligible and it appears as
the electrons in the tail continue to maintain a higher energy transit from the phasg) to (d).
than the electrons in the dc fieldqual to the instantaneous  The phas€d) in Figs. 5 and 6 corresponds to phabg
rf field). Then,I"\, increases more than does the value in thewith the opposite drift direction. In phagd), owing to the



55 DIFFUSION TENSOR IN ELECTRON TRANSPORTNI. .. 5907

03 100[kHz] 1[MHz] 10[MHz] 100[MHZ]
@ T 11 Il 11 ]
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v 0'1: FIG. 7. Temporal modulations dB) (e(t)),
00 and(b) ND, (t) andND+(t) for Eg/N= 1.5 Td,
BT L p=1 Torr, andf= 100 kHz, 1 MHz, 10 MHz,
( ),;‘” TN b and 100 MHz in the model gas wit®,= 6
gﬁ 12} X 10718 cm? and mass of 0.4 amu.
= 08
g NDL
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0.0 L L L L L . i . .
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acceleration by the field,e(z,t)) relaxes at the front to the diffusion anomaly can be proposed on the basis of Fig. 3. For
value corresponding to the instantaneous field, while in the finite electric field(al) and(b1)] the velocity distribution

tail it does not. The number of electrons with energy equivafunction in the longitudinal direction peaks off center and is
lent to the instantaneous field gradually increases from th@arrower than the symmetric distribution in the transverse
head to tail.D, here approaches the value for the corre-direction. When the field is equal to zei=0, a very rapid
sponding dc field. At phasée), the temporal profile oD, momentum _rela_xanon redlr_ects the velocities Wh_|le t_he_en-
coincides with that in the dc field equal to the amplitude of€rgy relaxation is small. This leads to a symmetric distribu-

the rf field, because the energy is completely relaxed to thd0n in both directions that is equivalent to the equality of the
field value. two diffusion coefficients. In other word§ (t) has to in-

In addition to Reid’s inelastic ramp model, we studied thetrease because momentum was relaxed rapidly, leading to
anomalous diffusion in the model gas with only a constanf€diréctioning of the velocity. At the same time, energy has
momentum transfer cross sectia,, = 6x 10~ cm2, and not r_ela_xed_ in _such a short time. Res_ul'ur_ng symmetric veloc-
molecular mass of 0.4 amu fErR/Nm= 15 Td and 10’0 KHz ity distribution is equivalent to isotropic diffusion. The over-

. c o e shoot D (t)>D+(t) occurs for a brief period when field
<f< 100 MHz at 1 Torr. Relaxation to the quasiequilibrium o geq sign. At that instant the head of the swarm from the

in MCS is very long for this model so we only present DNP yreyious half period becomes the tail while still continuing to
results. The presence of the anomalous diffusion is conaxpand in the original direction. The new heathich was
flrmed again in Fig. 7,_ even |n.the system without excitation.yp to that moment the taihas a lower energy so it can be
This shows that the first requirement for the anomalous difmore easily accelerated in the new direction of the field. The
fusion is the decreasing collisional energy relaxation timeransverse direction does not have such acceleration and thus
Te With energy. In fact, the novel phenomenonDn(t) is  the spread of the velocities is smaller, i.e., diffusion is
not present in the system whergis independent of electron slower. Such a situation ends when the new tail decreases in
energy. In the rf electron transport with a constapt of  mean velocity and the number and distribution become more
courseD| (1) is equal toD1(t) during one period, as it is in isotropic again with a tendency to develop towards the asym-
the dc field[21,22. metric dc-like distribution wittD(t)>D/(t).

At this point we should address the results of Wisitel. Anomalous longitudinal diffusion in rf fields may be dis-
[15]. These authors limit the definition of anomalous effectregarded by some as an effect that is difficult to observe
only to the overshoot of the transverse diffusion coefficienttXperimentally. However, even at present there are facilities
by the longitudinal diffusion coefficient, i.e.D,(t) to (_)bserve the effect. The so-called Cavalleri dlffusu_)n ex-
>D+(t). We, however, regard both aspects of the behavioP€[Ment was developed to measure the electron diffusion
of longitudinal diffusion as anomalous. The first is the in- qoefﬂments directly, and |t.|s possible to operat.e it with an f
crease rather than decrease of the coefficient in the refgyion field [24]. At Pf?‘sem the t|r_ne averaged dlffu_s|on WQ“'d be
in Fig. 5. While one would expect a small increase inobserved but it is also possible to record the time variation of

D, (t) with decreasing field due to the quasi-BtN depen- the spatial profile of the electron swarm that would be phase

dence, the increase starting between poiaisand (b) is dgpendent. This could be accomplished by triggering spa-

unexpected and therefore anomalous. In quasi-dc one Wouﬂfny drezo(l:ved ”e”.“fs'f]”. dete?no%dq_ co:uugcpon \t')V'th tht?I
expect both coefficients to rapidly decrease towards the equ% a?h ar ava; gr' ?C r?lque. ntﬁ ttion OI emé].ﬁ? serva ef
thermal value when the field goes through zero. At high fre- y the present day techniques the anomalous difiusion 1S o

guencies, finite relaxation time would make the modulationd"€at Importance in r_nod_ellng of the rf dlsch_arg_es an_d In
of diffusion coefficients smaller but an increase is unex_u_nderstandmg bl klnet|c§. An_omalous Iongnudmal it~
pected. In that sense transverse diffusion shows a more regﬁ'—On adds a degree of nonlinearity to the rf d'SCh"’Trg.e mo_dels
lar behavior. The second aspect of the diffusion anomaly iénd’ as can be seen from t.he .present paper, it Is quite a
that for an even narrower period of time the Iongitudinalgeneral phenomenon, occurring in most gases.
diffusion coefficient is larger than the transverse diffusion
coefficient as discussed by Whiét al. Our results and ex-
planations are fully consistent with those of Whéeal. Electron transport theory with periodic time variation in a
A simple general explanation of the first aspect of the rfradio-frequency field has been developed on the basis of the

IV. CONCLUSION



5908 MAEDA, MAKABE, NAKANO, BZENI(f, AND PETROVIC 55

kinetic Boltzmann equation in the hydrodynamic regime.ergy than the head, at the same time the head of the distri-
The temporal profile of the electron diffusion tensor duringbution gains energy rapidly.

one period under an rf field has been investigated by direct That is, during the phase betwes and(d) in Fig. 5 a
numerical procedure of the Boltzmann equation and by alnique kinetic phenomenon occurs in the isolated electron
stochastic Monte Carlo simulation. Of particular significanceswarm in an rf field, longitudinal diffusion coefficient
for the rf diffusion tensor is the appearance of an anomalou®L(t) has a maximum rather than the expected minimum,
longitudinal diffusion. In summary, the anomalous longitu-@nd even becomes larger thBR(t).

dinal diffusion coefficient of electrons arises from the fol-
lowing conditions:(1) The total collision frequency is an
increasing function of energy, i.e.glge) 7,(e) " 1>0. (2) We would like to thank R.E. Robson for his helpful input.
The relaxation of momentum transfer by collisions is veryThis work was supported by a Grant-in-Aid for the Mon-
fast as compared to the rf field period, i.,(€)<w™*. (3)  busho International Scientific Program, No. 08044169, and
A lack of collisional energy relaxation occurs within a lim- Keio University Special Grant-in-Aid for Innovative and
ited time interval centered around the phase when the exteCollaborative Research Project. Two of the auth@d.P

nal field E(t) crosses zero valué4) In particular, electrons and S.B are also grateful to the Ministry of Science and
fail to relax the energy of their tail, which has a higher en-Technology of Serbia for partial support.
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