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Electron transport in argon in crossed electric and magnetic fields
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An investigation of electron transport in argon in the presence of crossed electric and magnetic fields is
carried out over a wide range of values of electric and magnetic field strengths. Values of mean energy,
ionization rate, drift velocity, and diffusion tensor are reported here. Two unexpected phenomena arise; for
certain values of electric and magnetic field we find regions where the swarm mean energy decreases with
increasing electric fields for a fixed magnetic field and regions where swarm mean energy increases with
increasing magnetic field for a fixed electric field.

PACS numbgs): 51.50:+v, 52.25.Fi, 51.10ty

[. INTRODUCTION the applied magnetic field. This means that in a lower pres-
sure magnetron plasma the ions from the sheath to the target
In 1993 Nesg1] presented a general formalism for solv- will be essentially collisionless with a beamlike energy.
ing the Boltzmann equation for reacting charged-particle Magnetrons are used primarily for the process of sputter-
swarms in neutral gases in the presence of an electric arldg in which energetic particles, such as ions, are used to
magnetic field set at some arbitrary angle to each other. Th@iect material from a solid surfad®]. In the process of
formalism used was based on a spherical-harmonic expafPuttering secondary electrons are produced. These second-
sion in velocity space of the charged particle phase spac@®y €lectrons are accelerated back through the plasma where
distribution function. In a subsequent paper Ne&jsffected ~ they cause ionization of the neutral atoms and thus produce
numerical solution of the Boltzmann equation for electron™ore plasma. In the plasma bulk, where the secondary elec-
swarms by further expanding the energy dependence iffOns do most of their ionization the electric and magnetic
terms of Sonine polynomials. This numerical solution wasfields are predominately perpendicular or near perpendicular.
done for the geometry of perpendicular fields and conserva=iNce electrons are essential to maintain the plasma, a
tion interactions between the electrons and neural molecule§nowledge of their behavior, i.e., their transport coefficients,
In the present paper we extend the numerical solution t¢S important in the design and optimization of such devices
include ionization by electron impact, a nontrivial extensionl4]. These transport coefficients can be either measured in
of the code(see next section This work was motivated by Swarm experiments or calculated from transport theory. To
research being carried out at the Department of Electronic$late, no experiments exist that can measure all the required
Keio University into the use of magnetron discharges foriransport coefficientsrate coefficient, drift velocities, and
material sputtering, where argon is the primary gas used. Fdfiffusion coefficientsfor electrons in gases in the present of
the remainder of the section a brief summary of the connec€lectric and magnetic fields. In the present work we solve the
tion between swarm physics and the use of magnetron dig30ltzmann equation for electron swarms undergoing ioniza-
charges in plasma processing will be given. tion in argon in the presence of perpendicular electric and
In the context of plasma processing a magnetron is a dehagnetic fields. In this application ionization by electron im-
vice that makes use of electric and magnetic fields to contrdPaCt plays a key role in the electron behavior, therefore any
and maintain the plasma under a lower pressure conditiofodeling must treat ionization in a comprehensive manner.
than is possible with an electric field only. The application of
the magnetic field to a discharge under the influence of an Il. THEORY
applied electric field corresponds qualitatively to an increase

in the neutral(argon density. This effective or apparent in- | | .
crease in the neutral density is due to an increase of thE'€ nonconservative Boltzmann equation can be found in

residence time of the electrons in the plasma, brought abolge'-[1] and[2]. For the sake of completeness a summary is

by the Lamor gyrationg3]. As a result we can expect a Presented here. o

lower energy and a higher density of electrons at a lower Th_e starting point of the present analysis is the Boltzmann
pressure in a plasma when an external magnetic field is a#duation

plied to the discharge4]. Furthermore, since the Lamor ra- 5 ) e P

dius of the ions is large compared to the dimensions of the .2 = v _

discharge, the addition of the magnetic field will have negli- at e ar - m(E+C>< B) dc+‘] fr,cH=0, (@)
gible effect upon the ion transport. In this system the colli-

sion rate of the electrons with the neutrals can be controllesvheree is the charge on, anth is the mass of an electron
independently of the gas pressure by varying the strength aghoving under the influence of an electric field of strength

The theoretical approach used in the present work to solve
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and a perpendicular magnetic field of flux dendgy The
collision operator] takes into account the effect of binary R= —nOE J8,,F(v00|000)=rate coefficient, (4a)
collisions between the electrons and the neutral molecules on v=0
the electron motion. Formally Eql) is solved for the
single-particle phase-space distributibfr,c,t). This func-
tion is a probably density such th&fr,c,t)dr dc gives the
number of electrons at positiongo r +dr with velocities in
the ranges to c+dc at timet. All the necessary information =drift speed in theEXB direction, (4b)
about the swarm can be obtained orf¢e,c,t) is known.
Integration off(r,c,t) over all velocities gives the number
density of electrons(r,t).

Here we solve Eq(l) by making the expansions

o0

V2 : 0
W, =—i —F(014000 +ino > J3,F(v0011)
r=0

i e
W,=—F (001000 inozo 38 F(100110

=drift speed in theE direction, (40
o0 1 o 2 S A
fren=wee) 2 2 2 2 > 2 1
=0 m=-1 5=0 §=0 X=0 u=—x DX=—Z[F(01u111)—|:(01—1|111)]
X F(vim|shw)R, () YRI(&)GMn(r 1),
[sh )Ry me o S ¥ F(v00200 F (100220
—Nn
0 ~ Ov 1/3 \/6

where YET'H((:) is a spherical harmonic, a function of the

anglest= ¢, ¢, G denotes theth application of gradient —F(1v00222)
operator in irreducible tensor notation,w(«,c)
=(a?2m)%exp(~a?c?2), is a Maxwellian distribution,
a?=m/kT,; T, is a temperature parameteR,,,(ac)
=N, (ac/V2)*S$?, (a?c?2), S, (a?c?2) is a Sonine (4d)
polynomial,N,,= 2752!/T (v+1+ 3/2).

Substitution of expansiof2) into Eqg. (1) and carrying out __ i _
the necessary operatiofis] and[2] reduces the Boltzmann Dy a[F(OljJ 11D+ F(01-1[111)]

equation to a set of matrix equation for the expansion coef-

=diffusion coefficient in theEXB direction,

ficients F (vIm|s\ u), F(»001200 F(»00/220)
—np>, +
V3 V6
2 2 2 [Mimurm o+ Ry, 81 6vin]
I"m +F (100222
XF(v'1'm’[sh )
=Xy (S\ ) =diffusion coefficient parallel to theB field,
mv 1
(49)
v,1=1,2,...0; m=—1I,...,+l. ©)

1
Explicit expressions for the matrix of coefficients, D :__F(Olq 110)__2 3,

Mim,.1'm»r » Which contains the applied fields and collision

dependence of the problem, and right hand si§g,(s\ u), X [F(v00/200) + F(v00220) ]
are given in Ref[2]. We note here that the expansion coef-
ficients or “moments” are numbers that depend on the
fields, the neutral number density, and the collision cross (4f)
sections. All the space-time and velocity dependence has

been “taken out” by the above expansion of the phase-space

distribution function. The velocity dependence of the mo- Dp=— ;[F(Ol]lllOHF(Olqlll)]

ments is carried by the three indicksy,», while the space
dependence is carried by the three indisgsu. The spatial
indices determine the order of the equaties;0 is the spa-
tially homogeneous equatios=1 are the first order equa-
tions in Vn, while s=2 are the second order equations in =off-diagonal diffusion coefficient.  (4g)
Vn. The lowest order equatiors=\=x=0, is an eigen-

value prob|em for the reaction rafe. For each value of The drift VelOCity ma.y also be eXpressed in terms of the drift
(s,\, ) we haveonematrix equation in the velocity indices SPeedW and the Lorentz or magnetic deflection angfe
(1,m,») to solve. DefiningE to be in thez direction andB to ~ That is,

be in they direction, the transport coefficients expressed in > 5

terms of the moments are given by W= VW, +W;,

=diffusion coefficient parallel to theE field,

—ng>, J9,F(1v00221)
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tan(¥) = W, /W, . 20

Elastic

To second order iiVn(s=2), Eq.(3) gives

s=0, “E lonization
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= E ations
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I m Energy (eV)
=Ximp(11n), w=-1,01, (5b) FIG. 1. The electron-argon cross section set of Bf@gi The
three excitation processes have threshold energies of 11.55, 13.0,
s=2, and 14.0 eV. The single ionization process has a threshold of 15.7
ev.
> 2 D [Mimvrrmr + RE,,8 1 Smrm] F(1'M’ 17| 200)
" m e
O=—B
=Xim»(200), (50 m

to be the electron cyclotron frequency amdto be some
> D IMimurrmr + RE,,68) 1 Smyrm] F(1' M’ [220) average collision frequency, then we have:

’ ’

I m the weak magnetic field region

:X|mv(22/‘l’)1 Iu’:_zv_ 1101112- (Sd) Q<7,

For perpendicular fields we have the condit/@h a moderate or intermediate magnetic field region

F(l—=my|sh—u)=(—1)""“F(Imv|s\ ). O~7
T_hus to s_econd order in sp_atial gradients we have seven Manq the strong magnetic field region
trix equations to solve for, in order to determine transport up
to diffusion. In the absence of reactioﬁ&zo and the sum- QO>7.
mation terms in the above expressions for the transport co-
efficients vanish. This in turn implies that we only require
the s=0 ands=1 expansion coefficients in order to deter-
mine transport processes up to diffusion. That is, in the ab- For the argon cross sections we use the set of Biapi
sence of reactions we only require the solution of three equawhich are shown in Fig. 1. This set of cross sections consists
tions to determine drift and diffusion. The coefficients asof the elastic cross section, one ionization process with a
defined by Eq(4) are the bulk transport coefficieri8]. The  threshold of 15.7 eV, and three excitation processes with
terms on the right hand side not included in the summationhresholds at 11.55, 13.0, and 14.0 eV. All scattering is as-
over ther index give the flux component to the transport sumed isotropic; this is a limitation of the set of cross sec-
coefficient, while the summation term in theindex repre- tions, not the theory. Under the assumption of isotropic scat-
sents the explicit effect of reactions on the transport coeffitering, the elastic cross section is the same as the elastic
cient due to the spatially nonuniform creation/annihilation ofmomentum transfer cross section. A neutral temperature of
electrons. In the present investigation we only report the bulk93 K is assumed and superelastic collisions are allowed for.
transport coefficients. Investigation and discussion of fluxFor the ionization process we have randomly divided the
and reactive contributions to transport in the presenck of available energy after ionization between the two post-
X B fields will be left to later work. ionization electron§8]; we comment on this later. From Fig.
For practical solution the expansions in the velocity spacel we expect two main features of the cross sections to domi-
indices (,m,v) must be truncated. In the present work thesenate the electron transport: the deep minimum in the elastic
three indices are truncated independentlylat,, Mnax  Cross section and the relatively closely spaced set of high
(=lay, andv nay [2]. No upper limit is fixed on ther or the  threshold inelastic processes.
| the indices and all three are incremented until the desired Figure 2 shows the mean electron energy as a function of
convergence is achieved. Thus the present approach is a tri#n, from 0.001 to 5000 Td over a wide range Bfn,
multiterm solution. values from 0 to 50 000 Hx. The unit of a “TownsendTd)
When a magnetic field is present it is often convenient tas well known in swarm physici9]. The unit of a “Huxley”
break up the transport into three regions, depending upon thglix) is somewhat newdi2,10]. One Huxley is defined to be
relative strength of the magnetic field and the collision pro-10"2’Tm®. At a gas temperature of 293 K, one gauss per
cesse$2]. If we define torr is equivalent to 3.034 HXL1]. Thus for a gas pressure of

IIl. RESULTS AND DISCUSSION
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FIG. 2. Mean swarm energy as a functigin, for a range of
B/n, values, as indicated on the graph, for electrons in argon at
To=293K.

FIG. 4. Drift speed for electrons in argon for the same condi-
tions as in Fig. 2.

one torr aB/n, value of 50000 Hx corresponds to a mag- increasinge/ny! This behavior is more evident for the inter-
netic field strength of approximately 16500 (&.65 T), a mediate values ofB/ny, see, for example, theB/ng
very strong magnetic field indeed. =1000-Hx curve in the 4-Td region, and is contrary to pre-
From Fig. 2 we see four distinct regions of transport asvious experiences in swarm physics. One would expect the
E/ng increases. First, there is an initial plateau region wheranean swarm energy to increase with increadiig,. This
the electron energy is thermal K3,/2~0.04eV). Second, is discussed in detail below.
there is a region of rapid rise due to the deep Ramsaur mini- Figure 3 shows the ionization rate coeffici&in, for the
mum. Third, there is a second plateau region brought abowgame range of values &/ny andB/ny as the mean energy.
by the rapidly rising elastic cross section and the large enThese curves are basically featureless as ionization only be-
ergy loss of the electrons as the inelastic channels beconm@mmes significant at the higher values B, when suffi-
important. This third region is the most interesting as far asient electrons have enough energy to undergo ionization.
transport phenomena are concerned as the transport coeffihe curves show the expected increasérimy with E/ng
cients contain structures that reflect the effect of the inelastiand decrease iR/ny with B/ngy. In Figs. 4 and 5 the drift
processes. Finally, there is another region of rapid rise, aspeed and the tangent of the Lorentz angle are shown. From
both the elastic and inelastic processes drop off with highFig. 4 we observe that the drift speed shows little sensitivity
energy, and the electrons start to rapidly gain energy fronto the details of the cross sections, even for wBak;. In
the strong electric field. Note that in Fig. 2 Bsng increases the limit of largeB, W=E/B and the curves in Fig. 4 be-
the mean energy curves move to the right. In particular theome straight lines of slope 1. For these value8bf, the
E/ng range of the thermal region increases vBiin,, thisis  strong magnetic field dominates the collisio3¢ v) for
due to the reduction in electron heating caused by the pethe entire range dE/n, and this transport coefficient reflects
pendicular magnetic fielfil,2]. Since, in general, the appli- little of the energy dependence of the cross sections. For the
cation of a magnetic field perpendicular to an electric fieldweak values oB/n, some sensitivity to the cross sections is
decreases the swarm mean energy one may view this ase&ident; primarily to the steeply rising elastic cross section
“cooling effect.” Note also that for the higher values of where the rate of increase W with E/n, drops off. On the
B/ny, the mean energy shows a region of decrease witlather hand, Fig. 5 shows that taf(is sensitivity to the
scattering cross sections even for large valueB/of,. The
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FIG. 3. lonization rate coefficient for electrons in argonTgt
=293 K as a function oE/n for the same range d@/ng values as
in Fig. 2.

FIG. 5. Tangent of the Lorentz for electrons in argon for the
same conditions as in Fig. 2.
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FIG. 8. The diffusion coefficient in thB direction for electrons
in argon for the same conditions as in Fig. 2.

sensitivity of tan()) to the cross sections has been discusse‘ﬂ)articularly at the higheB/n, values. The rapid rise in both
by Schmidt[10]. Consider a large value d@/ny, for weak

E/ny the mean energy is essentially thermal and the magat approximately 0.2 eVsee Fig. 1 Note that asB/n, in-
netic field dominates the transport. Thus ¥@n§ very large,

indicating that all the drift is essentiallgxXB. As E/ng in-

creases the mean energy increases and/faai¢o increases pjtyde with bothB/n, andE/n,. This is a consequence of a

as the elastic cross section drops and the dominance & thejominant magnetic field reducing diffusion perpendicular to
field increases. Thus the maximum in téph(reflects the

minimum in the elastic cross section. NowE&1, increases

D, andD, is a consequence of the deep Ramsaur minimum
creases botD, and D, in general decrease markedly. In

fact, both coefficients may vary over several orders of mag-

itself by holding the electrons in orbits. Again we note that
for these coefficients the intermediate valueBom, reveal

further the mean energy passes through the minimum in thgyore structure after the rapid rise than either the low or high
elastic cross section and the electrons encounter a rapidlyy|es ofB/ny; indicating a heightened sensitivity to the

rising cross section. This reduces the dominance ofBhe jnejastic processes. In the thermal liniteak E/ny), both
field and tan{) starts to drop steeply. However, &¥n

increases further, inelastic scattering becomes significant,” The diffusion coefficient parallel to the magnetic field

feeding low energy electron into the swarm. This leads to g,

plateauing out of the increase in mean energy

the rate of decrease of tap)(with E/ny drops in response.

\iith, and

Note that for the moderate to weak valueBdh, we start to

see some structure in tap)(after the rapid drop, this is most

likely due to the inelastic processes.

The diagonal diffusion coefficient®,, D,, andD, are

shown in Figs. 6, 7, and 8. All these coefficients reflect tojjons, This coefficient clearly shows the four regions that
some degree the four regions of transport. At first sight thgjominate the transport. The initial flat part of the curves at

two diffusion coefficients perpendicular to the magneticiqyy values ofE/n, where D

field, D, (diffusion along theEx B direction and
sion along thee direction show similar behavior
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witlie/ng,
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FIG. 7. The diffusion coefficient in thE direction for electrons

in argon for the same conditions as in Fig. 2.

noDy andnyD, decrease asi(n) 2 [12].

y» Shown in Fig. 8 stands in contrast to bdy andD, .

The variation inD, with both B/ny and E/ny is relatively

very small when compared to that for diffusion perpendicu-
lar to the magnetic field. The reasons for this have been
given in earlier work[2]. Unlike D, andD,, the magnetic
field has no explicit effect upob, . Like tan(/), D, shows

a high sensitive to the energy dependence of the cross sec-

y Is effectively constant corre-
sponds to the thermal region. In this regidy is essentially
the thermal diffusion coefficient and unlike, and D, the
value of D, does not decrease with increasiBgn,, the
thermal value ofD, does of course extend over a larger
range ofE/n, values as8/ng increases. The maximum Dy,
reflects the Ramsaur minimum, where due to the rapidly fall-
ing collision frequency the diffusion is substantially en-
hanced. After the maximum in diffusion we enter the third
region where there is an initial sharp dropDry due to the
rapidly rising elastic cross section. Here the inelastic colli-
sions start to exert their influence on the swarm. Their direct
effect is to enhance collisions and thereby reduce diffusion.
However, due to the large threshold energies involved in
these processes, at certain value€ff, they scatter elec-
trons back in energy to the minimum region of the elastic
cross section and this will tend to enhance diffusion. Thus
we have a secondary maximum and plateau regiobjn
which breaks up the drop off. Like the mean energy, the
secondary maximum is more pronounced for the intermedi-
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of a comparatively strong magnetic field is essential, how-

or ever, too strong a magnetic field tends to reduce the effect.

20 | 8 The phenomenon is due to the combined effect of “magnetic
L field cooling” and “inelastic/ionization cooling.”

The cooling effect of applying a magnetic field perpen-
100 Hx dicular to the electric field is well known and has been dis-
o cussed in earlier worf2,12,13. In the present work we will
refer to this as “magnetic field cooling” for the sake of
conciseness. The term “inelastic cooling” simply refers to
the fact that whenever an electron under goes an inelastic
collision it losses at least the threshold energy of the excita-
tion process and emerges from the collision with reduced
energy. If the electron has energy just above the threshold
energy, then in any inelastic encounter with a neutral it will
lose almost all its energy, resulting in a substantial cooling
effect on the swarm, even if only a relatively small fraction
of the electrons have the required energy. We now introduce
. _ _ a third term to be used in the discussion below: “ionization
ate values 0B/no. Beyond this the drop off iD, continues  ¢qojing.” This term was used earlier by Robson and Ness
until all cross sections fall off anB, rises agair(this is the  [14]. |onization cooling is essentially the same as inelastic
fourth region of transpoyt _ _ cooling with the additional cooling effect of the dilution of

For the sake of completeness, the off-diagonal diffusionne swarm energy due the creation of the new electrons. That
coefficient is shown in Fig. 9. This coefficient may be eitheris following an ionization collision, the remaining energy
positive or negativ¢2], hence Fig. 9 is a log-linear plot. On 5y 4ijaple after the collision is shared between two electrons,
the scale shown, the highBrn, values ofDy, (5000, 10000,  instead of only one, further reducing the mean energy. If the
and 50000 Hxare too small to be shown. _ _ motion of the neutrals is ignored then, after an ionizing col-

As noted above, perhaps the most interesting region ofsjon, of threshold energy; , between an electron of kinetic
transport is region three, i.e., those field c_omplnatmns fo'énergyg and a neutral, there will be an amount of energy
which the swarm mean energy corresponding in energy tQ _ . “ayajlable to be shared between the two post collision
the region in the cross sections where the elastic cross segectrons. The way this available energy is partitioned be-
tion is rapidly rising and the inelastic processes become Sigyeen the two post collision electrons will effect the trans-
nificant. In Fig. 10 the mean electron energy 8/ng  hort coefficients particularly as the ionization rate becomes
=1000 Hx is shown as a function &fn, in the range 1-150  gjgnificant. This has been demonstrated in Ehenly situa-
Td. On this scale, Fig. 1&the solid curvg clearly shows a  on [8]. In the current investigation, in the absence of more
region of decreasing mean energy with increadifigo, in - precise knowledge we have randomly divided the available
fact the curve has two maximums. In t&eén, region of the  energys —¢; between the post collision electrons. Thus, if
two maximums the convergence accuracy in the mean efxter an ionizing collision one of the electrons acquires a
ergy is better than 1%, while the variation in the mean eNfraction A(O<A<1) of the available energy, the other elec-
ergy over the same region is approximately 15%. Referringyon must acquire the fraction-1A. So far in the current
back to Fig. 2 it is important to note that this phenomenor‘investigation, all fractiong are equiprobable.
does not occur for zero or weak magnetic field, the presence Returning now to Fig. 10, between 1 and 5 Td, the mean
swarm energy increases from approximately 0.25 to 3 eV.
Note that from Fig. 2, for zero magnetic field the mean en-
ergy over the same range &f/n, is substantially higher.
Now at E/ny~5 Td with'e~3 eV an increasing number of
electrons in the tail of the energy distribution function have
sufficient energy to undergo the high threshold inelastic pro-
cesses and thus inelastic cooling occurs. B is in-
creased further more electrons in the tail undergo inelastic
scattering and inelastic cooling is enhanced. The combined
effect of magnetic field cooling and inelastic cooling actually
decreases the swarm mean energyEéas, increases from
about 6 to 10 Td. From 10 to about 35 Td the mean energy
increases withE/ny as the energy input from the electric
field overcomes both magnetic field cooling and inelastic

FIG. 10. The mean swarm energy for electrons in argofiaat C00ling. At approximately 35 Td we observe a second maxi-
=293K as a function oE/n, for B/ny=1000 Hx. (solid curveé ~ Mum ine followed by a subsequent decrease until about 60
The long-dashed curve gives the mean energy when the ionizatiohd. This second decreasedrwith E/ng is a consequence of
process is reduced to an inelastic collision—see text. The shorthe combined effect of magnetic field cooling and the dilu-
dashed curve gives the mean energy when the available energy aftéen effect of ionization cooling. Referring to Fig. 3, we see
an ionizing collision is partitioned in the fixed ratio 1:0. that the ionization rate coefficient becomes significant at
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T
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FIG. 9. The off-diagonal diffusion coefficient for electrons in
argon for the same conditions as in Fig. 2.
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cools, the ionization rat®/ny, shown by the short-dashed
curve in Fig. 11, rapidly falls. The more energetic electrons,
the ones in the high-energy tail, are the electrons undergoing
ionizing/inelastic collisions and thus cause ionization/
inelastic cooling. However, they are also the electrons most
influenced by magnetic field cooling. As the swarm cools
with increasingB/ng, the tail population drops sharply and
so does the ionization and inelastic collision rates, as they
now compete with magnetic field cooling. In response the
rate of cooling of the swarm slows. At high enouBting
ionization all but shuts down and the heating effect of the
. ‘ strong electric field overcomes the magnetic field cooling
. o PR AR - oo and the diminished inelastic cooling for a range of increasing
Bin, (10°H) B/ng values (approximately 15000—40000 KxThis pro-
duces the first peak. After this decreases witB/n, once
FIG. 11. The mean swarm energy for electrons in argofipat more until inelastic cooling shuts down. This shutdown of
=293K as a function oB/ng for E/ny=500 Td(solid curvg. The inelastic cooling produces the second maximum at around
long-dashed curve gives the mean energy when the ionization pr@40 000 Hx. After the second peak the cooling is essentially
cess is reduced to an inelastic collision. The short-dashed curve imagnetic field cooling only and drops of asB*Z, the ex-
the ionization rate coefficient as a function Bfng for E/ng pected strongB-field limit [12]. As in Fig. 10, the long-
=500 Td. dashed curve in Fig. 11 is the mean energy calculated by
treating ionization as an inelastic process only. Note that this
around 30 Td. The long-dashed curve in Fig. 10 is the meagurve only has the highe8/n, maximum, i.e., there is no
energy calculated by treating ionization as just another inpeak associated with the shutdown of the dilution effect of
elastic process, i.e., no secondary electrons are producel@nization cooling.
This was done by setting the term in the ionization collision In general convergence of the present solution in all three
operator that models the generation of the new electron tidices and for all coefficients was good, better than 0.1%.
zero and resolving the Boltzmann equation. When this ig1owever, for strong electric field, convergence in tHadex
done the second maximum & disappears, as there is no deteriorated, particularly for low values Bfng. The diffu-
|0nger any jonization Coo|ing_ The third curve in F|g 10, the sion coefficients were the first to exhibit convergence diffi-
short-dashed curve, gives the mean swarm energy wWhen culties. For the low values oB/n, convergence in the
set to 1. That is, one of the post ionization electrons gets aindex for the diffusion coefficients rapidly deteriorated
the energy while the other gets none. This is perhaps the>10%) above 1000 Td. Above 5000 Td, for the low values
most “extreme” partitioning scheme. Again we observe theof B/ng, convergence of all coefficients was unsatisfactory.
second peak, but there is no effect upon the first peak, furthdror the higher values d8/n, the rapid deterioration in con-
supporting our hypothesis that the first peak is due the comvergence of the diffusion coefficients occurred above 5000
bined effects of magnetic field and inelastic cooling, while Td. Note that from Fig. 2 this region of deteriorating conver-
the second peak is due to the combined effect of magnetigence corresponds to region 4 of transport, i.e., the second
field cooling and the dilution effect of ionization cooling. In region inE/n, of rapid energy rise. Some what less serious
this case the effect of ionization cooling is enhanced, as theonvergence difficulties in theindex were also encountered
second maximum occurs with a lower mean energy and that the beginning of region 3 of transpddorresponding to
subsequent decrease in the mean energy is greater and ée start of the second plateau region in energy in Figo2
tends over a larger range &fng. the intermediate values d8/ny. For example, forB/ng
The combination of magnetic field and inelastic/ionization = 1000 Hx in the region between 5 and 20 Td convergence in
cooling leads to another interesting phenomenon at very high, Wy, W,, andD, was better than 1%, while convergence
B/ny for strong electric fields. Figure 1(olid curve shows in Dy, D,, andDy, was within 5%.
the mean swarm energy &/ny=500Td as a function of
B/ng from 0 to 300 000 Hx. As stated above, the application
of a magnetic field perpendicular to an electric field will tend
to cool a swarm. Previously it was predicted that for a fixed A comprehensive investigation of electron transport in ar-
E/ng,e would always decrease witB/ng, independent of gon in the presence of crossed electric and magnetic fields
the cross sectiongl]. Figure 11 shows that this is not the has been carried out. The mean energy, the ionization rate,
case. From Fig. 11 we see that there are two maximuras in the drift velocity and the diffusion tensor have been calcu-
at approximately 35000 and 140000 Hx. In B/ region lated over a wide range &/ng andB/ng values. This study
of the two maximums the convergence accuracy for thewas initiated in order to obtain transport data for input into a
mean energy is better than 0.5%, while the variation in thdluid model of an argon magnetron dischaid®] and has
mean energy over the same region is approximately 10%esulted in a database of such transport data. In the course of
From 0 to 10 000 Hx decreases sharply wiB/ny as mag- the investigation a number of issues of fundamental interest
netic field cooling and ionization/inelastic cooling combine arose.
to rapidly cool the swarm. By 10000 Hx the mean energy First, the sensitivity of both the Lorentz angle and the
has fallen to below 2 eV. However, as the swarm rapidlydiffusion coefficient along the magnetic field to the energy
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dependence of collision cross sections was noted. Agaia later date. At this stage it appears that two ingredients are
highlighting the potential use dEX B transport data in the essential. First, there must be a high threshold inelastic/
determination of low-energy electron-neutral scattering crosgnization process with the threshold well above thermal en-
sections[10]. The variation of the mean energy and theergy. Second, the elastic cross section requires a region
transport coefficients witlie/ny, depends upon both the en- where it increases sharply with energy. Argon satisfies both
ergy dependence of the collision cross sections and the valubese conditions. In comparison to the normally good con-
of B/ngy. In general this variation shows a greater sensitivityvergence, some decrease in convergence accuracy was en-
to the energy dependence of the cross sections for intermeountered in the region of these phenomena. However, the
diate values oB/n, where Q~7v. For weak values of the variation in the mean energy due to these phenomena was
magnetic field wher€)<v, the collisions are too dominate over an order of magnitude greater than the convergence
and the influence of the magnetic field is diminished. On theaccuracy in the mean energy in these regions. The decrease
other hand, for strong magnetic fields whére-v, the mag- in convergence possibly reflects some “extreme” form of
netic field is too dominate and the sensitivity to the crosghe energy distribution in these regions. Nevertheless, it
sections is diminished. would be useful to the have the present finding verified by an
Second, contrary to previous experience in swarm physindependent study, such as a Monte Carlo simulation inves-
ics, we find regions were the mean-swarm energy decreas#égation.
with increasing electric field and increases with increasing
magnetic field. These phen_omgna were_associate_d with.the ACKNOWLEDGMENTS
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