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Anisotropy of the electron component in a cylindrical magnetron discharge.
Il. Application to real magnetron discharge
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The physical processes occurring in electrode regions and the positive column of a cylindrical magnetron
discharge in crossed electric and magnetic fields are investigated based on the solution of the Boltzmann
kinetic equation by a multiterm decomposition of the electron phase space distribution function in terms of
spherical tensors. The influence of the distribution function anisotropy on the absolute values and radial
profiles of the electron density and rates of various transport and collision processes is analyzed. The spiral
lines for the directed particle and energy transport are obtained to illustrate the anisotropy effects in depen-
dence on the magnetic field. The electron equipressure surfaces are constructed in the form of ellipsoids of
pressure and their transformation in the cathode and anode regions is studied. A strong anisotropy of the energy
flux tensor in contrast to a weak anisotropy of the momentum flux density tensor is found. Particular results are
obtained for the cylindrical magnetron discharge in argon at pressure 3 Pa, current 200 mA, and magnetic
fields ranging within 100 and 400 G.
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[. INTRODUCTION anisotropy which is caused by strong electric fields in the
cathode region, and by absorption of electrons on the anode
Magnetron discharge in the form of a coaxial cylindrical in the anode region. A uniform description of the positive
inner cathode and outer anode with radial electric and axiatolumn and electrode region, as well as the possibility to
magnetic fields was studied experimentally and theoreticallpbtain detailed information about the distribution function
[1-5]. Electron distribution measurements were performed irand macroscopic quantities, can be attributed to advantages
dependence on the radial position and magnetic fieldf the method. The general equations formulated in the pre-
strengths, as well as measurements of the electron densiyous papef8] were applied to real operating conditions of
and mean energy, potential profiles, and radial distribution ofn argon cylindrical magnetron discharge, and particular re-
metastable, resonance, and radiating atoms. On the othgiilts for the terms of the electron distribution function and
hand, the processes occurring in a cylindrical magnetron dismacroscopic quantities responsible for transport of particles,
charge were simulated by various methods includingmomentum, and energy obtained. The radial evolution of
particle-in-cell Monte-Carlo collisiongMCC) [4] and ki-  these quantities is considered in dependence on magnetic

netic self-consistent modelifd]. field strength.

In our previous papef5] a self-consistent model of a
magnetron discharge was developed based on the Boltzmann Il RADIAL POTENTIAL PROEILES
kinetic equation solution in the two-term approximation with AND DISTRIBUTION FUNCTIONS

account of the effects of electric and magnetic fields, spatial

gradients, and important collision processes. A specific de- The theory of the multiterm representation of the Boltz-
formation of the distribution function from cathode to anodemann kinetic equation in terms of spherical tensB9)]
was demonstrated, and macroscopic quantities, such as elés-applied to study the magnetron discharge between two
tron density and mean energy, electron and ion radial currerdylindrical coaxial electrodes of length=30 cm with the
densities were obtained. Description of the electron comporadii of the inner cathod®-=0.9 cm and the outer anode
nent was supplemented by equations for the ions and field®Ry=3 cm in argon at neutral gas pressure 3 Pa, current
Subsequently, the edge effects connected with the finite200 mA, and magnetic field3=100, 150, 200, and 400 G.
length of magnetron and the presence of the axial electridhis corresponds to the range of reduced magnetic fields
field and plasma axial inhomogeneities were taken into acfrom B/N=12 500 to 50 000 Hx. The magnetic field is cre-
count[6]. Additionally, the metastable and resonance atorrated by coils with current; it is uniform along the axis of the
formation processes in similar discharges were discysged cylinder in contrast to planar configurations, where the mag-
Results were compared with experiments. netic field is strongly inhomogeneous.

The present paper reports on investigations of the electron This type of discharge has been studied experimentally in
plasma component in a cylindrical magnetron discharge, oba series of papersl—3]. The radial distribution of the elec-
tained from the solution of the Boltzmann kinetic equationtron density as well as the difference of the potentials be-
using the multiterm expansion discussed in the precedingveen the cathode and anodé,., are the quantities mea-
paper[8]. The multiterm approach permits us to considersured accurately. To calculate the electron distribution
various phenomena connected with the distribution functiorfunction data on the radial profiles of the potential are
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FIG. 2. Radial profiles of the electron density. Full and broken
lines show the multiterm and two-term approximation results, re-
spectively. Symbols are the data from experiments.
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magnetic field. The fall of the potential between cathode and

anode decreases noticeably from 660 V Bt 100 G to
350 V atB=400 G.

V]
8 > The distribution functions formed in these potentials were
g 100G % qbtalned b_y using the spherlc_al tensor multiterm representa-
] BAA A A A AANADDRAA A tion descr!bed in the prepedmg papé]. The system .of
ordinary differential equationf25)—(34) [8] was written in
10 15 20 25 39 finite differences on a grid nonequidistant in both total en-

r (cm) ergy and radius coordinates. A numerical method for split

boundary value problenj40] was used, in which the indices
FIG. 1. Radial distributions of the potential in dependence ONpf the required functions are shifted in dependence on the
magnetic field strength. Symbols are the experimentally measuregoyndary conditions set on the right or left boundaries. This
floating potentials. The potgntial differences between cathode anghatho provided stability of the numerical scheme with the
anode correspond to experimentally measured values. boundary conditions being appropriately set for expansion

needed. These cannot be obtained with the required accurag§efficients with even and oddindexes. The obtained sys-
from direct probe measurements due to the large field gradF—em Qf linear equations for ten components of the distribution
ent in the electrode region and positive column, and errors ifUnction was solved at constant total energy for each energy
determination of the plasma potential from the second dedrd point. The solution region of the system and boundary
rivative of the probe current. In further calculations the radialconditions were discussed in the preceding paper. The result-
profile of the electric field strength was chosen in such a waynt distribution functions were normalized by the value of
that the voltage on the discharge gég- corresponds to the electron current dens_lty at the anodg. At the anode t_he
experimentally measured value, and the electron distributio§€ctron current density equals the total current dersiy
function calculated in this field gives the absolute values andeated to the discharge currenaccording to
radial profile of the electron density equal to the experimen- i = 2mrejo(r)L.
tally measured density of electrons. _ _ R ) )

The radial profiles of the potentials are shown in Fig. 1,The isotropic part of the distribution functiofy(U,r) is
and the radial distributions of the electron densities formedhown in Fig. 3 in dependence on the kinetic enddggnd
in these potential fields are presented in Fig. 2. The goodddial coordinate for B=100 and 400 G. The electron den-
agreement between the measuji@kand calculated values of Sities calculated using the isotropic distributiofigU,r)
the absolute electron density indicates that the chosen poteAte represented in Fig. 2. The relative errgy=|n“(r)
tial profiles correspond to the real ones. There is also agree=n®(r)|/n¥(r), estimated according to the accuracy crite-
ment between the chosen radial distribution of the potentiation [11] for electron densities calculated in the two-term
and the measured floating potentiédgmbols in Fig. L The  [n®(r)] and four-term[n®(r)] approximations, equals 0.05
plasma potential has also been measured in the experimerntsthe positive column and increases up to the magnitude 0.5
but with less accuracy. The specific structure of the potentiahear both electrodes at the lowest magnetic field. This error,
distributions is connected with the presence of strong electrias expected, decreases with increasing magnetic field
fields in the cathode region and weak fields in the positivestrength.
column. An increase in the electric field strength in the posi- In calculating the distribution function an initial
tive column and anode region is observed with increasingsaussian-like beam of high-energy electrons was assumed to
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in the potential profilegFig. 1) in dependence on magnetic
field. The electric field strength in the cathode region at weak
magnetic fields is remarkably larger than that at the strong
fields, but in the positive column the situation is opposite.

The undulating structure formation in the cathode region
has been discussed in detail[#)]. At weak magnetic fields
the structure with peaks in the distribution function is trans-
ported through the positive column to the anode. At strong
magnetic fields(e.g., B=400 G, Fig. 3 the structure is
smoothed. This effect can be explained by the decrease in the
energy relaxation length with increasing magnetic field. The
electron distribution function relaxation occurs on the length
shortest 0f\jpe;=Uey/ (€E) and \,~(M/my)*?r, [6], where
r_ is the radius of electron cyclotron motiod,, is the ex-
citation threshold, andn, and M are the electron and atom
masses. At weak magnetic fields these lengths are compa-
rable to or even exceed the magnetron dimensions; therefore
the peaks in the electron distribution persist in the whole gap.
With increasing magnetic field, both relaxation lengths
shorten due to the increase of both the electric and magnetic
fields, thus resulting in the distribution localization and flat-
tening.

Similar dependencies are observed in the behaviour of the
higher-order terms of the distribution function, for example
on the functionf;=Re(F; 1) (Fig. 4). The terms with higher-
| indices oscillate rapidly especially at weak magnetic fields,
so that their visual three-dimensional presentation is difficult.
The influence of the higher-order terms will be illustrated on
macroscopic quantities.

IIl. BALANCE EQUATIONS

The balance equations identically follow from the Boltz-
mann kinetic equation and must hold for any method of dis-
tribution function decomposition. In what follows, we use
the same designations as in the previous pader

With respect to the cylindrical magnetron discharge con-
figuration the balance equations for the electrons with charge
—e have the following forms:

FIG. 3. Isotropic part of the electron distribution function  the particle balance equation
fo(U,r) at magnetic field strength8=100 and 400 G.R: p
=0.9 cm,Ry=3 cm. Fgrjrzld; (1)
be ejected from cathode into the plasma. Specific deforma- )
tions of the distribution function with increasing magnetic ~ the energy balance equation
field can be seen in Fig. 3. At weak magnetic fie{@80 G 9
a pronounced undulating structure is formed, that moves in ——Tjyr+€Ej = = (Hg + Hex+ Hig); 2
an ordered way along the radius and energy and reaches the r
anode. This structure is connected with a relaxation of the the radial momentum balance equation
initial beam of electrons in inelastic and ionizing collisions.
The distribution function tail is extended to very high kinetic p+ neE+ndv X BJ, + 19 | l Rﬁc) (3)
energies, so that the electron mean energy reaches 280 eV in dr 2 or r
the cathode region and then decreases to 1.5 eV in the posi- . .
tive column. At large magnetic fiel@00 G this undulating and the azimuth momentum balance equation
structure vanishes. The distribution function on approaching 19
the anode decreases rapidly, and the mean electron energy nelv X B], + ﬁgrznrtp: -RY. (4)

varies from 100 eV near the cathode to 4 eV in the quasineu-
tral plasma. The difference in the electron mean energie$he particle balance equatidf), or equation of continuity,
under two magnetic field conditions is stipulated by changeseads that the gain of particles by ionizing collisions
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B=100G —— According to the energy balance equati@ the differ-
107 R R, T i ence between the power gaf{eEj) and power losses in
y. M | elastic(Hg), inelastic(H,,), and ionizing(H;,) collisions

_ oM /Zf 2
He,—ZM = UANQY(U,r)dU,

Hex= UexwmefuexUNQexfo(U,r)dU,

1

. AT LRl Hio = Uailg
' 7 o "20 is compensated for by the divergence of the radial energy
3.0 * 1 Wy S flux
28 TSl T 7760 O 1 \/7 " elF- UL
r . ~ Ao P = — — .
(Cfn) 15 7 80 Jur 3 meJ, e( 1,1)
1.0
Here, QY and Q% are the momentum transfer and total in-
B=400 G . elastic cross sections, amdl, is the excitation threshold.
100 T ¢ ' The main contributions to the radial momentum balance

equation(3) are connected with the particle acceleration due
to the electric fieldeEn), the gradient of pressure

p=(2/3nU, (7
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wheren is the electron density and, is the mean energy,

n:f foUY2dU, nUe:f foU¥2dU,
0 0

and radial motion due to the action of the Lorentzian force

3.0 where the azimuth particle flux is
r 2.0 s . 1 /2 (7
(em) 15 7~ 80 J¢:—§ f Im(F, pU dU (8)
1.0 Mg 0
FIG. 4. Anisotropic part of the electron distribution function @nd{2=eB/m. is the frequency of electron cyclotron motion.
£,(U,r) at magnetic field strengtt®=100 and 400 G. The rate of momentum loss due to collisions
2 o0
> _ R = J U32NQs Re(F; 1)dU
l4(r) = f UNQ¥fo(U,r)dU (5) 0
Meug and the terms containing the second rank tensor components
causes equal divergence of the particle flix in the radial 2 (”
direction, Iy =¢ U¥Re(F,,,) — Fa,¢/3]1dU, 9
0
'(r)‘l\/7fcRe(F U dU (6) 4"
= 3 VmeJg b . ;.= U3/2F2,OdU (10
15J,

Here, |4 is the direct ionization ratel is the atom density, contribute a little HereQs =QY+Q%+ Q.
QY is the ionization cross section, att; is the ionization The balance equation for the momentum transport in the
potential. F| ., are the coefficients for the distribution func- azimuth direction4) suggests an equality of the Lorentzian
tion decomposition, wherk=0,1,2,3 andn=-I,...,|. The force

componentF, o corresponds to the isotropic distribution; nev x B, = mQj
Re(F, 1) and In{F, ;) are the analogs for radial and azimuth o= M2y
anisotropic distribution in the two-term approximation. to the sum of the azimuth friction force
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(c)_g - 3/2 d
Rq, —3 . U NQEIm(FLl) U

isotropic pressure tensor

2 o]
Hr‘*’:_gfo U%2Im(F, »du. (12)

As it is seen from the balance equations for the scalar
quantities(1) and(2) the gains of the particles and energy in
the elementary volume are compensated for by the fluxese 2-
going in the radial direction only. The vector components of »
the momentum transpo(8) and (4) and the tensor compo-
nents of the energy flux transport are balanced in both the-
radial and azimuth directions.

cm®s’)

(10

[

0==

IV. EFFECT OF MAGNETIC FIELD ON THE TRANSPORT o 09
QUANTITIES %

cm

The physical pattern of the processes occurring in the cy-tg 05

lindrical magnetron discharge in dependence on magnetic
field strength can be illustrated on macroscopic quantities ;g
calculated using the corresponding expansion coefficients o
the obtained distribution functions.

FIG. 5. Radial profiles of the direct ionization rdte(a), radial
_ ] o electron fluxj, (b), and azimuth electron flu, (c). Full and broken

The radial dependencies of the ionization ré@ieand ra-  |ines show the multiterm and two-term approximation results, re-
dial (6) and azimuth(8) components of the electron flux spectively. Numbers are the magnetic field strengths in gauss.
density are shown in Fig. 5. Broken lines illustrate the results
obtained in the two-term approximation. do ()

The ionization rate strongly increases from the cathode — ==
through the cathode fall and reaches its maximum in the dt r
region of transition from strong electric fields in the cathode
region to weak fields in the positive column; then it de-Whereu,(r)=j.(r)/n(r) and u,(r)=j,(r)/n(r) are the radial
creases smoothly toward the anode. A noticeable increase 8hd azimuth components of the electron directed velocity
the ionization rate in the anode regionBxt 400 G is caused and ¢y is the initial phase.
by the presence of an explicit anode fall formed at large Trajectories of the electron directed motion from cathode
magnetic field strength@ig. 1). To avoid encumbering fig- to anode are shown in Fig. 6 under various magnetic field
ures, the two-term approximations results are given for weakonditions. These trajectories coincide with the lines of cur-
(100 G and strong (400 G magnetic fields only. The rent, atangent to the curves at each point gives the direction
higher-order terms do not have a strong influence on théf the electron flux vectoy, with modulusj=(j;+j2)"/2 The
values of ionization rate. The relative errér estimated for ~ discharge curreritis transported by the radial compongnt
ionization rates in the two- and four-term approximations byonly. The figure shows that the number of rotations in the
analogy to &, discussed above, amounts to 0.15 Bt Pplane(r,¢) increases with the increase of magnetic field.
=100 G and < 1.5 cm and decreases toward the anode rapThe time required for an electron to travel the distance from
idly. At B=400 G this error does not exceed the valjje cathode to anode amounts te10-20us depending on
=0.06. magnetic field.

According to Fig. 5, the azimuth electron flux consider- An effect of strong anisotropy on the lines of current
ably exceeds the radial one. Similar proportion of the radiashould be noted for the cathode regiorBat100 G. There is
and azimuth components of the particle flux vector results irt short range of radial positions in this region, whege
directed motion of the electrons along spiral trajectories inbecomes positivéFig. 5), which results in distortions of the
transverse sections of cylindrical magnetron. These trajectelectron trajectories. A more comprehensive discussion of
ries can be easily computed from the equations of directethis phenomenon requires taking account of higher-order ex-
motion written in the form pansion coefficients for the distribution function.

Under the present conditions the magnetic field has neg-
ligible effect on the ion motion, thus the azimuth component
of the directed velocity is much smaller than the radial one.

A. Transport of particles

<P|t:0: o,

dr
a = Ur(l‘), r|t=O= RCv
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FIG. 6. Lines of electron current in the plazeconst of the 3 | S\100
cylindrical magnetron discharge. Multiterm approximatiiull 5 |
lines) is compared with the two-term approximati@roken line. 04 )
-1 T r r r S
The above considered directed motion of the charged par 1.0 15 2.0 2.5 3.0
ticles is a consequence of collisions in the plasma. In the r{cm)

hypothetical case of a collisionless motion, both electrons _ _ o _
FIG. 7. Radial profiles of the electric field for¢e), Lorentzian

and ions will travel along circles due to the electric drift in ) - S X ¢
force (b), and isotropic pressure gradigig) in units 16 eV cni4.

the crossed fields; the radial component of their directed veF I and broken i h its of th it d twout
locities will equal zero. ull an roken lines are the resuits o € multiterm and two-term

approximations, respectively. Numbers on curves indicate magnetic
field strength in gauss.
B. Transport of momentum

In both the two-term and multiterm approximations, the!®M on the left hand side of E¢4)] becomes pronounced.

forcesen(E+[v X B];) acting on electrons in an elementary

volume and appearing in the radial momentum balance equa-

tion (3) are compensated for mainly by the gradient of iso- _ ) . o

tropic pressure of the electroms Eq. (7). These quantities L_Jsmg thg multiterm decomposition of the electron dISt.rI-

are represented in Fig. 7. Other terms in E3).are two or bution function the problem of the electron pressure aniso-

three orders of magnitude smaller with the exception of theiffOPy can be analyzed.

values in the electrode regions. A formation of a pronounced BY the tensor of total pressure of electrons we mean the

maximum in the force ternmeE in the transition range be- quantity

tween the cathode region a_nd _positive column i; stipulated P = nmywv). (12)

by a decrease of the electric field strength and increase of

electron density. At magnetic field strengths of the order ofThe electron velocity is represented sometimg$2] as a

100-150 G this maximum is equalized by the isotropic pressum of the directed and randonw velocities. The tensor of

sure gradient; at higher values of the magnetic field the conpressureP is then called the tensor of momentum flux and

tribution of the Lorentzian force increases. The peaks of ionseparated into two summands,

ization rates clearly seen in Fig(@ are also connected with _

this maximum. It should be noted that the nonlocal character P =nmyuu) + nmgww).

of the distribution function formation leads to significant The first summand describes the momentum transport due to

broadening of ionization rate profiles. the directed motion. The second summand is called the pres-
According to calculation results of the azimuth momen-sure tensor and is separated, in turn, into the scalar isotropic

tum balance equation terms, the Lorentzian force in the azipressurep and the viscous tension tensor. This approach is

muth directionngv X B],=m(}j, is compensated for by the useful for hydrodynamic descriptions of particle transport.

force of friction Rif) at all radial positions except for the In the framework of the kinetic description of electron

anode region where the electron pressure anisofreggond  motion it is more expedient to represent the total pressure

C. Anisotropy of electron pressure
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isotropy of the electron pressure becomes apparent. The di-
agonal elements of the anisotropic pressure tehkgrll,,

and II,,=-(II, +II,) exceed noticeably the nondiagonal
componentdI, ,=1II,.

The anisotropy of the electron pressure can be demon-
strated in the following way. The tensor of pressure can be
represented as a surface of equal pressure and considered at
any point with cylindrical coordinates, ¢,z of the cylindri-
cal magnetron discharge in the basis of unit vecepys,, €,.

For the isotropic pressure given by tengbr this equipres-
sure surface corresponds to a sphere of ragitihe normal
to the surface of the sphere indicates the direction of the
pressure force. In the presence of nonzero anisotropic com-
ponents, the total pressure tengd?) has the following

p (10" eV cm™)

form:
p+ 1_[rr Hrgp 0
P=| I, p+Il, 0 . (14)
0 0 p+1II,,

If the nondiagonal elements of tens@4) equal zero, the
equipressure surface determined by this tensor is transformed
into an ellipsoid with the semiaxes equal to

a =Il +p, a,=Il,,+p, a-=I,+p. (19

The presence of equal nondiagonal tedhg=1I,, does not
change the tensor’'s symmetry. A symmetrical tensor can be
reduced to diagonal form by rotating the initial orthogonal
basise,e,,e,. The diagonalization method consists in find-
ing the eigenvalues and eigenvectors of the tefls®r Here,
the second rank tensor’s eigenvectors form a new basis with
unit vectorse/ , e, €, and the eigenvalues give the values of
the diagonal elements. Projections of the eigenvectors on the
unit vectors of the initial basis yield the angles of rotations.
FIG. 8. Radial profiles of the isotropic pressysea) and the  The pressure tens@i4) written in the new basis takes the
components of anisotropic pressure tenddy: (b), I1,, (0), I1,,  diagonal form
=~(II,, +I1,) (d), IT;,, () in units 1& eV cni 3. Numbers on curves

indicate magnetic field strength in gauss. (p+ 1)’ 0 0
P’ = 0 (p+1I1,,)’ 0 . (16)
tensor(12) by a sum of the isotropic pressure tensor 0 0 (p+11,)’
v? 2 As soon as the nondiagonal components of tesare
pl = nme<gl> = énUeI , considerably smaller than the diagonal ottescept for the
points in the nearest vicinity of the angdéhe magnitudes of
and the anisotropic pressure tensor the semiaxes of the ellipsoid® and P at I1,,=0 differ a
2 little. In the initial basis the ellipsoid given by the teng®r
1= nme<vv— U—|>, (13) (16), is rotated about the axis in the plangr,¢) by the
3 anglea=arccose, -€/).

wherel is the second rank identity tensi,13]. The semiaxis values of the pressure ellips(ié), nor-

The tensor of anisotropic pressure was discussed in th@alized by the isotropic pressupgr), are shown in Fig. 9
preceding papef8] along with the calculations of its com- for the cathode and anode regions where the anisotropy of
ponents. The electron isotropic pressure and anisotropic prepressure becomes especially apparent. In the positive col-
sure tensor components calculated by E@, (10), and umn, as shown in the figure, the pressure of the electrons is
(11), are shown in Fig. 8. almost isotropica, ~a,~a,~ 1.

The figures indicate that the isotropic pressure in the posi- Figure 10 demonstrates the cuts of the equipressure sur-
tive column exceeds the components of the tedikdry two  faces(ellipsoids of pressujeP’ by the planedr,¢), (r,2),
or three orders of magnitude. At the same time, the electroand(z, ¢) for two distinctive points in the cathode and anode
gas pressure is a fraction of the order of46f the neutral regions marked in Fig. 9. Broken lines indicate the corre-
gas pressure. In the near-electrode regions a significant agponding cuts of a sphere relevant to the isotropic pressure.

066407-7



POROKHOVA, GOLUBOVSKII, AND BEHNKE PHYSICAL REVIEW E71, 066407(2005

2.0 0.2
1.5] 3
B % 0.14
«© EEc)
104 a =
'
]
05{ |\
1
\I .
‘\‘ , KA
0.0 T \"I T T T T T T T T 7T g
1.0 1.2 2.9 3.0 2
r (cm) ES
FIG. 9. Semiaxes of the ellipsoid of pressie normalized by :%
the isotropic pressung(r) in the cathode and anode regions at mag-
netic field strengttB=200 G.

In the cathode region the ellipsoid of pressure is extended in g 11 Radial profiles of the radig|,
the e direction and compressed in tieg and especially in energy fluxes. Full and broken lines are the results of the multiterm
the e, directions. Rotation of the ellipsoid due to the pres-ang two-term approximations, respectively. Numbers on curves in-
ence of nondiagonal elements is negligible in this regiongicate magnetic field strength in gauss.

The deformation of the equipressure surface in the anode

region is less pronounced. Here, the ellipsoid extends in thisses in collisions in the positive column. Power loss in
e, direction and contracts in th& ande, directions. Arota-  elastic collisionsH, is small under low-pressure conditions
tion of the ellipsoid in the planér,¢) about the anglex ~ compared with the power losses in ionizatidp and exci-

~b5° is seen; this is caused by a relative increase of théationH,, collisions.

nondiagonal element$l,, in comparison to the diagonal Azimuth components of the energy flux vectgy exceed,
ones in the anode region. as a rule, the radial componerjts. Figure 11 demonstrates
the radial variation of the energy flux vector components.
The discharge regions, where the azimuth components be-
come equal to zero or change sign, are clearly seen. It is also
According to results obtained for the terms in the energyseen that under strong anisotropy conditiqd®0 G the
balance equatiofi2), divergence of the energy fluy, bal-  two-term approximation is insufficient. The differences in
ances the power gaieEj in the cathode region and power radial dependencies of the energy and patrticle fluxes are seen

and azimuttj, electron

D. Transport of energy
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from comparison of Figs. 5 and 11; these are stipulated bgiven in[8]. The radial dependencies of these components
large values of electron mean energy and small values dre illustrated in Fig. 13.

electron density in the cathode region. The power ggi& This tensor has the property that a contraction with re-
is maximal near the cathode. For this reason, large energspect to any pair of indices equals ze;, +¥,,,+¥,,
fluxes are formed in the cathode region, with their valuesQ and¥ , +W¥  +W¥_,,=0. Under anisotropic conditions
much exceeding those in the positive column. The situatioRhe tensor components with the first index influence the

for particle fluxes is opposite. The time of energy transporinagnitude and direction of the radial component of the en-
from cathode to anode is comparable with the time of theyqy flux vectorj,,, and those withp the first index influence
particle transport. _ the azimuth parf,,. The role of anisotropy in energy trans-

_ Using the radial and azimuth energy flux components they, is important, as soon as the absolute values of the energy
lines of energy flux can be constructed similarly to the linesq y tensor components are comparable to or even exceed
of current shown in Fig. 6. In Fig. 12 the spiral lines of ,,qe for the energy flux vector: this can be seen by compar-

energy fluxes are shown in the transverse section of cylindriy4 the corresponding quantities shown in Figs. 11 and 13. In
cal magnetron discharge. As in the case of particles, a tan-

gent to these curves defines the direction of the energy flux 0
vectorj,. It is seen from comparison with Fig. 6 that the
numbers of loops of the energy flux lines are noticeably
smaller than those of the spirals for particle flux. This is _-02]
explained by the much smaller ratio of azimuth to radial 3« 03]
components for energy flux in comparison with the corre-

sponding ratio of the particle flux components. Distortions of 04
the spiral lines seen in the cathode region at weak magneti 0.3 4
fields are similar to distortions in the lines of current; again

this is due to a change of sign of azimuth component. A _ 0.2
detailed study of this phenomena requires additional analysiaﬁ

014 ™

employing higher-order terms. 0.1
The third rank tensor corresponding to the energy flux
tensor oLl . . - . - : : .
nm '
V= ?<vvv -v2lv) (17)

consists of 27 components with six distinct nonzero compo-s«
nents. Explicit expressions for the nonzero components ar

FIG. 12. Lines of electron energy flux in the plameconst of
the cylindrical magnetron discharge at different magnetic field FIG. 13. Radial profiles of the energy flux tensor components in
strengths. Multiterm approximatidifull lines) is compared with the  units of 168 eV cn2s™.. Numbers on curves indicate magnetic
two-term approximatioribroken lines. field strength in gauss.
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contrast to strong anisotropy in energy transport, it is weak irSpiral trajectory lines are obtained to give a visual illustra-
the transport of momentum, which follows from the small-tion for the directed particle and energy transport in the ra-
ness of the anisotropic pressure tensor compon@igs 8) dial planes of the cylindrical magnetron discharge. The phe-
in comparison with the isotropic pressure. nomenon of electron pressure anisotropy is considered. The
Thus, the transport processes of particles, momentum, arefuipressure surface under conditions of noticeable aniso-
energy are considered for the cathode and anode regions, atrdpy, in electrode regions for instance, is shown to transform
the positive column of the cylindrical magnetron discharge.from a sphere, corresponding to the isotropic pressure, into
an ellipsoid. A method to calculate the values of the ellip-
V. CONCLUSION soid’s semiaxes and the rotation angles is suggested. The
] » variation of the semiaxis values is shown in dependence on
A general theory for multiterm decomposition of the the radial position. Additionally, the components of the en-
phase space distribution function in terms of the sphericagy flux vector and tensor are computed and a strong aniso-
tensors is applied to describe the electron component in gopy in the energy flux transport found.
cylindrical magnetron discharge in argon. The distribution  Application of the multiterm theory developed i8] and
functions and macroscopic quantities are calculated at varigeneralized with respect to cylindrical magnetron discharge
ous magnetic and electric fields corresponding to those meg [g] permitted us to study many interesting phenomena that
sured in experiments. The presence of an undulating struGgere beyond the scope of the conventional two-term ap-
ture in the distribution functions at weak magnetic fields isproximation. Taking higher-order decomposition terms into
demonstrated along with its flattening at larger fields. Theaccount will be useful for future investigations of the solu-
undulating structure at low magnetic field strengths is stiputjon convergence and the effect of higher expansion coeffi-

lated by the relaxation of an initial high-energy swarm of cients on the phenomena caused by the anisotropy.
electrons ejected from the cathode surface and by the nonlo-

cal character of the distribution function formation. This
structure is flattened due to the distribution localization with
increasing magnetic field strength. The work was financially supported by the DFG SFB 198
The balance equations for particles, radial and azimuthProject “Kinetics of Partially lonized Plasma” and Grants
momenta, and energy are considered with a discussion of tHéo. PD02-1.2-17 and No. PD03-1.2-123 from the Russian
main channels for the momentum and energy gain and los$dinistry of Education and Administration of St. Petersburg.
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