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Two-dimensional nonlocal model of axially and radially inhomogeneous plasma of cylindrical
magnetron discharge
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A cylindrical magnetron discharge~CMD! with two coaxial electrodes, a uniform axially directed magnetic
field, and discharge ends closed by the shields biased at the cathode potential is considered. The presence of the
shields creates axial inhomogeneity of plasma, which is taken into account in this study. At low pressures and
small magnetic fields the pronounced nonlocal regime of the electron distribution function~EDF! formation is
realized. The electron component is analyzed on the basis of radially and axially inhomogeneous Boltzmann
kinetic equation. Unmagnetized electrons that move in axial direction are trapped in the axial potential well,
their energy relaxation length exceeds the discharge vessel length, and the kinetic equation can be averaged
over axial flights of electrons. Using a model two-dimensional potential profile, the EDFs at the different axial
positions are obtained and two-dimensional distributions of the electron density, ionization rate, and current on
cathode are calculated. The results of the modeling and experiments are compared for the dc CMD in Ar at a
pressure of 3 Pa, magnetic field strength of 10 mT, and current of 150 mA.
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I. INTRODUCTION

Magnetron glow discharges are widely used in the th
film processing industry and coating applications. Magnet
devices differ from conventional glow discharges by emplo
ing externally applied magnetic field, which is parallel to t
cathode surface in a certain region, as it is in the plana
geometrically complicated discharges, or in a whole regi
as it is in the cylindrical magnetrons. A transverse field co
figuration leads to the electron confinement and increas
plasma density, thus yielding higher ion production a
higher sputtering rates@1#.

A big variety of the electric and magnetic field configur
tions has been used in the magnetron sputtering discha
Most commonly, experimental and theoretical researches
cus on the planar magnetrons@2–4# and cylindrical magne-
trons @5–8#.

Numerous discharge models have been developed to
termine plasma parameters such as the charged particle
sities and temperatures, the plasma potential, and the
tron distribution functions~EDF! @4,5,9,10#; other studies
consider various physical processes occurring on the
surface and in its vicinity@11,12#. Most often two classes o
computational techniques are used for the modelings, th
are PIC-MCC methods and fluid one-dimensional analy
The fluid methods describe magnetron plasma in terms of
Townsend ionization coefficient and classical transport t
assumes Maxwell distribution and local mechanism of
EDF formation. The magnetron discharges operate at v
low pressures yielding nonequilibrium nonlocal distributi
functions. Therefore, strictly saying, the fluid approaches
unapplicable to magnetron plasma. PIC simulations be
fully kinetic and self-consistent are a powerful tool for th
treatment of the nonequilibrium distribution functions, a
though there are several drawbacks caused by their com
1063-651X/2003/68~1!/016401~9!/$20.00 68 0164
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tational expenses and sensitivity to numerical noise. In ad
tion, a majority of papers reveals either no comparison w
experimental results or poor agreement between calculat
and measurements, which hampers estimating the efficie
of the models.

In this paper the cylindrical magnetron discharge~CMD!
is considered, which due to its relatively simple geome
and field configuration is an interesting topic for the expe
mental studies and modelings. In the series of our works
CMD has been extensively studied experimentally@13–16#
by Langmuir probe to detect an electron behavior and
laser absorption technique to detect metastable and r
nance atom distributions, as well as by the one-dimensio
~1D! nonlocal kinetic@8,17# and PIC @18# modelings. Al-
though the comparison of the measured and calculated
sults revealed a satisfactory agreement in the most of in
tigated plasma parameters, namely, the plasma den
electron average energy, high-energy parts of the EDFs,
densities of excited states@17#, there was some discrepanc
between experiment and theories, which was supposed t
caused by the axial inhomogeneity and edge effects not
cluded in the models. Recent experimental investigati
performed in the novel CMD@19#, which is three times
longer than the previous one and contains a segmented
ode, showed that there is significant steady-state axial va
tion of the plasma parameters, which becomes more p
nounced at higher pressures and larger magnetic fields
small magnetic fields (B,20 mT) the axial distributions of
the plasma parameters were flat with the exception of
periphery regions disturbed by the shields.

In the present paper we develop a two-dimensional n
local kinetic model of the cylindrical magnetron discharg
which apart from the radial structure caused by the curr
flow takes into account the plasma axial inhomogeneity c
ated by the shields at the ends. So far, these edge ef
remained outside the frames of the fluid models, as wel
©2003 The American Physical Society01-1
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PIC simulations. The electron kinetics in inhomogeneo
axial and radial fields will be considered based on numer
solving the kinetic Boltzmann equation. The nonlocal a
proach will be applied, and the distribution functions of t
electrons will be calculated. Calculations of axial and rad
variations of plasma density, ionization rate, and current d
sities will yield an explanation of the axial inhomogeneiti
observed in the experiment. Particular results of experim
and modeling refer to dc discharge in Ar at a pressure o
Pa, magnetic field strength of 10 mT, and current of 150 m

II. A DESCRIPTION OF THE CMD

The cylindrical magnetron discharge used in this study
a modification of the original design described in detail
Ref. @16#. The cylindrical discharge vessel that serves as
anode~grounded! is 30 cm in length and 5.8 cm in diamete
The diameter of the inner coaxial cathode is 1.8 cm. T
ratio of length to radius hence equals 15. Such a large v
of the length-to-radius ratio was designed to provide ax
homogeneity of the discharge in the center region and
provide possibility of using the one-dimensional compu
tional models. Six evenly distributed coils create the axia
homogeneous magnetic field. The system is equipped
three cylindrical Langmuir probes movable in radial dire
tion, placed in ports located between each couple of coil
a distance of 6 cm from each other. Half of the catho
length is segmented into seven segments of length 2.0
each. The segments are distanced from each other by 1
and isolated by teflon material. The other half of the catho
is not segmented. Both the segmented and nonsegme
parts of the cathode are water cooled. Two ends of the de
are closed with stainless steel disks~shields! that are con-
nected to the cathode, and hence biased at the cathod
tential Vc . The schematic view of the cylindrical magnetro
discharge is shown in Fig. 1.

The limiters ~shields!, being at high negative potentia
influence plasma by creating extended sheaths, which dis
axial homogeneity. Using three Langmuir probes loca
along the discharge length, the radial profiles of the elect
density can be measured simultaneously for these a
points. The segmented cathode enables the measureme
the axial variations of the discharge current. The meas
ments of the discharge voltage, electron density, and di
bution of current on cathode@19# are the basis for develop
ment of the two-dimensional models.

FIG. 1. Schematic view of the CMD. The cathode and anode
the coaxial cylinders. The uniform magnetic field is directed axia
Shields are connected to the cathode. The left shield is not sh
for clarity.
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III. THE BASIC EQUATIONS

An electron behavior in the axially and radially inhom
geneous CMD will be analyzed based on the spatially in
mogeneous Boltzmann equation,

vW •¹rWF2
e

m
~EW 1@vW 3BW # !•“vWF5C~F !, ~1!

wherem and 2e are the mass and charge of the electro
The electron distribution function~EDF! F(vW ,rW) is formed
under the influence of the spatial gradients, actions of
axial magnetic fieldBW , electric fieldEW which has radial and
axial components, and the collision processesC(F). Em-
ploying a two-term expansion of the EDF in spherical h
monics, the electron distribution can be represented in
form

F~vW ,rW !5F0~v,r ,x!1FW 1~v,r ,x!•
vW

v
5F0~v,r ,x!

1
v r

v
F1r~v,r ,x!1

vu

v
F1u~v,r ,x!1

vx

v
F1x~v,r ,x!,

~2!

whereF0 is the isotropic distribution andF1r , F1u , andF1x
are the radial, azimuth, and axial components of the ve
EDF anisotropy. A range of applicability of the two-term
expansion has been discussed in Ref.@8#. Taking into ac-
count the higher terms of the expansion will incredibly co
plicate the problem, while an error in macroscopic propert
is expected to be less than 10% according to the multite
study @20#.

Substitution of expansion~2! into the kinetic equation~1!,
and integration over solid angles yields

v
3
“ rW•FW 12

e

3m

1

v2

]

]v
~v2EW •FW 1!5C0 ,

v“ rWF02
eEW

m

]F0

]v
2

e

m
@BW 3FW 1#5CW 1 .

Taking into account thatEW 5EreW r1ExeW x , BW 5BeW x , andCW 1

52(v/le)FW 1 (le is electron free path!, we obtain the fol-
lowing expressions for the anisotropic components:

f 1r~U,r ,x!5
le

11~le /r ec!
2 F2

] f 0

]r
1eEr

] f 0

]U G , ~3!

f 1x~U,r ,x!5leF2
] f 0

]x
1eEx

] f 0

]U G , ~4!

f 1u~U,r ,x!5
le

r ec
f 1r~U,r ,x!,

re
.
n
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TWO-DIMENSIONAL NONLOCAL MODEL OF AXIALLY . . . PHYSICAL REVIEW E 68, 016401 ~2003!
wherer ec5v/veB is the radius of electron cyclotron motion
veB5eB/m is the cyclotron frequency, andU5mv2/2 is the
kinetic energy. The functionsF and f differ by the normal-
ization factor 2p(2/m)3/2.

It is seen from Eqs.~3! and ~4! that the magnetic field
does not influence the axial anisotropy, whereas it redu
the radial anisotropic distribution by the factor (r ec /le)

2.
Thus, the axial transport of the electrons remains unaffec
by the magnetic field, and this in the radial direction is stip
lated by theE3B drift.

The kinetic equation for the isotropic distribution functio
is

U

3

1

r

]

]r
r f 1r2

eEr

3

]

]U
U f 1r1

U

3

]

]x
f 1x2

eEx

3

]

]U
U f 1x

5S0~ f 0!, ~5!

where the collision operator

S0~ f 0!5S0
el~ f 0!1S0

ex~ f 0!1S0
ion~ f 0!

includes elastic, inelastic, and ionization collisions,

S0
el~ f 0!52

m

M

]

]U
@U2NQel~U ! f 0~U,r !#,

S0
ex~ f 0!52UNQex~U ! f 0~U,r !1~U1Uex!N

3Qex~U1Uex! f 0~U1Uex ,r !,

S0
ion~ f 0!5( $2UNAQi~U ! f 0~U,r !1~U/b1Ui !

3NAQi~U/b1Ui ! f 0~U/b1Ui ,r !/b

1„U/~12b!1Ui…NAQi„U/~12b!1Ui…

3 f 0„U/~12b!1Ui ,r …/~12b!%.

HereQel(U) andQex(U) are the transport cross sections f
momentum transfer and excitation with the thresholdUex . M
is the atom mass, andb and (12b) are the fractions in
which the remaining energy of the colliding electron
shared in ionization event between the two outgoing e
trons. The ionization operatorS0

ion includes a sum of direc
and stepwise ionization, where the ionization cross sec
Qi denotes either that of direct ionization (Qdi) or stepwise
ionization (Qsi), ionization thresholdUi equals to direct or
stepwise ionization potentialUdi or Usi , and the density of
the colliding atoms (NA) is either the gas densityN or the
excited state density taken equal toNm51011 cm23. The
collision cross sections are the same as in our previous p
@8#.

The kinetic equation~5! can be simplified by changing
variables fromU to the total energy« since in new variables
the mixed derivatives and projections of the electric fie
disappear. By introducing the total energy«5U2eF(r ,x),
whereF(r ,x) is the two-dimensional spatial potential, an
01640
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substituting the anisotropic components into Eq.~5!, we ob-
tain the partial differential equation for the isotropic distrib
tion,

1

r

]

]r
A~«,x,r !

] f 0~«,x,r !

]r
1

]

]x
G~«,x,r !

] f 0~«,x,r !

]x

1
]

]«
B~«,x,r ! f 0~«,x,r !

5C~«,x,r ! f 0~«,x,r !2C~«1Uex ,x,r !

3 f 0~«1Uex ,x,r !1D~«,x,r ! f 0~«,x,r !2D1

3 f 0~«/b1Ui ,x,r !2D2f 0„«/~12b!1Ui ,x,r …,

~6!

with the coefficients defined as

A5
U2NQS~U !

U@NQS~U !#21mveB
2 /2

,

G5
U

NQS~U !
, B52

m

M
U2NQel~U !,

C5UNQex~U !, D5( UNAQi~U !,

D15( S U

b
1Ui D NA

b
Qi S U

b
1Ui D ,

D25( S U

12b
1Ui D NA

12b
Qi S U

12b
1Ui D .

The total cross sectionQS(U) is the sum of elastic, inelastic
and ionization cross sections, and the kinetic energyU is the
function of the total energy and coordinates,U5«
1eF(x,r ).

IV. CHARACTERISTIC SCALES

When employing a numerical solution of the Boltzma
kinetic equation for describing the electron component
magnetron discharge plasma, it is necessary to take into
count the characteristic spatial scales of electron momen
and energy relaxation. These characteristic scales that d
mine the mechanisms of electron distribution formation
the free paths, energy relaxation lengths with respect to v
ous collision processes, and plasma inhomogeneity scal

The presence of the axial magnetic field, as it is seen fr
Eqs. ~3! and ~4!, does not influence plasma in the axial d
rection but reduces electron drift velocity in radial directio
by the factor of 11(le /r ec)

2. It is equivalent to reduction of
the effective electron free path in the radial direction (leB),
which can be defined asleB5le /@11(le /r ec)

2#, or to cor-
responding increase of an effective pressure.

The electron energy relaxation length may be underst
as the distance at which electrons diffuse at the timet« of
energy exchange in collisions,
1-3
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l«'~DeBt«!1/2,

where DeB;vleB/3 is the electron diffusion coefficient in
the direction perpendicular to magnetic field, and

1

t«
'vS m

M

1

le
1

1

le*
D ,

with le* denoting electron free path with respect to inelas
collisions.

For the electrons whose energies are smaller than the
citation threshold,U,Uex ,

l«'
~M /m!1/2le

@11~le /r ec!
2#1/2

'H ~M /m!1/2le[l«x , le!r ec

~M /m!1/2r ec[l«r , le@r ec .
~7!

It is seen from Eq.~7! that the energy relaxation length
proportional to the free path for the unmagnetized electro
and it is proportional to the electron cyclotron radius
strong magnetic fields (le@r ec , magnetized electrons!.

For the electrons whose energies exceed the excita
potential,U.Uex , under condition that (M /m)le@le* , the
energy relaxation length with respect to inelastic proces
can be estimated as follows:

l«* 'S lele*

11~le /r ec!
2D 1/2

'H le~le* /le!
1/2[l«x* , le!r ec

r ec~le* /le!
1/2[l«r* , le@r ec ,

~8!

with the similar dependence on magnetic field.
The characteristic scales are represented in Fig. 2 for

at pressurep53 Pa and magnetic filed strengthB510 mT.
For unmagnetized electrons moving in the axial directi
the energy relaxation length with respect to elastic collisio
(l«x) much exceeds the discharge dimensions; the en
relaxation length with respect to inelastic collisions (l«x* ) is
comparable with the size of the axial potential well. It mea
that slow electrons can travel many times across the a
potential well, without their total energy being noticeab

FIG. 2. Spatial scales of the electron motion and EDF format
in dependence on the electron kinetic energy. Ar,p53 Pa, andB
510 mT.
01640
c

x-

s,

on

es

r,

,
s
gy

s
al

changed in elastic collisions. Large amount of fast electr
can also cross the axial well before they undergo excita
or ionization collision. For magnetized electrons moving
the radial direction, the energy relaxation length with resp
to elastic collisions (l«r) exceeds the radius of magnetro
the energy relaxation length with respect to inelastic co
sions (l«r* ) is short. As soon as the energy relaxation leng
are longer than the corresponding plasma inhomogen
scales~discharge radius and size of the well!, the electron
distribution function at any point within the discharge gap
formed nonlocally both in the axial and radial directions
the whole two-dimensional profile of the potential rath
than by the local electric field value.

Another important aspect of the electron distribution fo
mation is the temporal scale of electron motion in the rad
and longitudinal directions. In the axial direction the ele
trons are trapped by the potential well of the depthVc . The
time required for an electron to travel across this well
length L in diffusive regime can be estimated astx
;L2/(vle). In radial direction the electrons are heated
the radial field. To acquire a characteristic energy of the
der of the electron temperature,kTe they must travel the
distancelE5kTe /eEr . The velocity of an energy acquisi
tion for the transverse field configuration can be easily e
mated asvE;eEr /mnE , wherenE5v/leB . Comparing the
time of energy gain in radial field,t r5lE /vE , with the time
of axial diffusive flights, we obtain

t r

tx
;S kTe

eErL
D 2S le

r ec
D 2

@1.

Thus, the axial displacement of an electron occurs faster t
the energy gain or loss in radial field, and electron can tra
many times across the axial potential well before it will ga
noticeable energy~of the order ofkTe) from the radial field.
This situation corresponds to explicit nonlocal formation
the EDF, when the total energy of an electron is appro
mately conserved during the axial motion, fortx!t r , l«x

@L, and l«x* >L. An effective treatment technique of th
problems on the nonlocal formation of the electron distrib
tion consists in averaging the corresponding kinetic equa
over the spatial coordinate, along which the electrons
trapped and their total energy is conserved. The averag
procedure reduces the number of spatial dimensions, bu
spatial information is retained implicitly. The methods
nonlocal kinetics and their applications to numerous gas
charge objects are summarized in Refs.@21,22#.

V. SOLUTION OF THE KINETIC EQUATION

The nonlocal model will be applied to particular cond
tions of the CMD operation, that is Ar,p53 Pa, B
510 mT, i 5150 mA, discharge lengthL530 cm, RC
50.9 cm, andRA53 cm. The kinetic equation~6! will be
solved in a model two-dimensional potential shown in Fig
for half of the discharge length. The cathode and shields
at the potential of the cathode, which is taken here as eq
to zero. The anode is an equipotential surface. The ra
distribution of the potential at the center of the magnetron

n

1-4
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typical for potentials obtained self-consistently from the s
lutions of one-dimensional problems by nonlocal kine
techniques@8#. In this study the radial distribution of th
electric field at the CMD center is taken according to the t
following conditions. First, the discharge voltage must c
respond to experimentally measuredVc5598 V. Second, in
frames of the one-dimensional~1D! axially uniform model
@8# the radial course of the potential,w(r ), must provide the
radial profile of the electron density similar to the measu
one. The trial radial electric field and the corresponding d
sity profile at the discharge center are shown in Fig. 4. T
measured density profile is shown in the figure by dots. T
calculation results are normalized by the condition of curr
independence of axial position,i 52per j0(r )L, wherej 0(r )
is the total current density.

The axial distribution of the potential is taken in the w
that the boundary conditions at the cathode, shields, and
ode are satisfied, and at the central part of the magnetron
potential is rather flat, which can be achieved by high va
of the powern,

FIG. 3. Profile of the model potential for half of the cylindric
magnetron discharge.RC50.9 cm andRA53 cm. Shield is at the
cathode potential, which is taken zero, anode is an equipote
surface. Factorn in Eq. ~9! is taken equal to 40.

FIG. 4. Model electric field corresponding to potential at t
discharge center~Fig. 3!. Electron density is calculated in the mod
field in 1D approximation and measured density profile at
center.
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F~x,r !5w~r !F12S x

L/2D
nG . ~9!

Thus, according to experiments@19#, at the central region of
magnetron the radial profiles of the potential are almost id
tical. At the discharge periphery there is the potential w
which traps the electron motion in axial direction.

As soon as the energy relaxation length in the axial dir
tion considerably exceeds the length of the magnetron,
EDF is formed by whole axial potential. Electrons trav
across the axial well many times before they acquire ene
in the radial field. The kinetic equation~6! can be averaged
over axial coordinate to yield the following representation

1

r

]

]r
rA~«,r !

] f 0~«,r !

]r
1

]

]«
B~«,r ! f 05C~«,r ! f 0

2C~«1Uex! f 0~«1Uex ,r !1D~«,r ! f 0~«,r !

2D̄1f 0~«/b1Ui ,r !2D̄2f 0„«/~12b!1Ui ,r ….

~10!

The average of the coefficients is carried out according to
rule

H~«,r !5
2

LE0

x0(«,r )

H~«,x,r !dx,

where the surfacex0(«,r ) limits the region reachable fo
electrons, i.e., the kinetic energy turns to zero at this surf
~turning points!. The second term of Eq.~6! vanishes in the
averaging procedure due to the central symmetry of the
charge and the boundary condition at the potential w
x0(«,r ):

U

NQS

] f 0

]x U
x0(«,r )

50.

An explicit axial dependence of the EDF vanishes, and
remaining variables are the total energy and radius.

The methods for solving the partial differential equatio
of the form of Eq.~10! were described in Ref.@8#. The equa-
tion can be discretized on a grid that is equidistant in to
energies and nonequidistant in radius. Large gradients
electric field and the necessity of an accurate treatmen
ionization collisions require one to use the grids with a sm
step in energy. The accuracy of the obtained results
checked by a requirement of fulfillment of axially averag
particle and energy balances.

The solution of the averaged kinetic equation yields
EDF at the center as a function of the total energy and ra
coordinate. The electron distributions at the axial points t
are distanced byxk from the center can be obtained by th
rearrangement of the variables of the axial EDF according
the potentialF(xk ,r ). This procedure is analogous to calc
lations of the nonlocal distribution functions in the positiv
column of a discharge@23#.
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VI. RESULTS AND DISCUSSION

The resultant EDFs for the central point and at 13
from the center are shown in Fig. 5. The radial fall of t
potential in quasineutral plasma region is small, alm
whole discharge voltage is applied to the cathode region.
this reason, the axial transformation of the electron distri
tion is connected mostly with the EDF decrease in the ab
lute value. A shift of a radial position of maximum in slo
electrons that are responsible for electron particle and cur
density, and of maximum in fast electrons that contribute
ionization and excitation rates, becomes more apparen
larger values ofx.

Using the EDFs at different axial positions, the radial p
files, for instance, of the electron density (ne) and ionization
rate ~I! can be calculated as the functions of the axial po
tion and radius according to

ne~x,r !5E
2eF(x,r )

`

f 0~«,r !@«1eF~x,r !#1/2d«, ~11!

I ~x,r !5S 2

mD 1/2

( E
Ui2eF(x,r )

`

NAQi„«1eF~x,r !…

3 f 0~«,r !@«1eF~x,r !#1/2d«. ~12!

FIG. 5. EDFs as the functions of the kinetic energy and rad
position at the discharge center~a! and 13 cm aside~b!.
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The 3D graphs of the electron density and ionization rate
shown in Figs. 6 and 7. The radial profiles at the discha
center (x50) are similar to those obtained in our previo
works as well as to those computed by the PIC@5#. The
particle density attains its maximum in the region of t
field’s minimum and then decreases towards the anode.
rate of ionization is maximal approximately at the bounda
of the cathode-fall and negative glow regions. At the cen
part of the discharge, the radial distributions of the plas
properties are almost identical for different axial positions.l

FIG. 6. Electron density as a function of the axial and rad
coordinates.

FIG. 7. Ionization rate as a function of the axial and rad
coordinates.
1-6
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FIG. 8. Electron~a!, ion ~b!, and total~c! radial current densities
as functions of the axial and radial coordinates.
01640
the periphery region there is a decrease towards the shi
Electrons are reflected from the walls of the axial poten
well. The decrease of the ionization rate starts at sma
axial coordinates than the decrease of the density. Thi
caused by depletion of the nonlocal distribution function
fast electrons.

The two-dimensional profiles of the radial current den
ties can be computed from the ionization rate distributio
Due to the boundary condition used in the average pro
dure, there is no axial component of the electron current
our model. The axial component of the ion current dens
can be neglected compared to the radial component, s
the discharge is axially homogeneous in the central part,
the current to the shields~as the experiments@19# show! is
few hundredths of the current to the cathode. The ion ra
current density that satisfies the conditionj i(x,r 5RA)50,
under the approximation of smallness of the axial ion curr
density, can be written as

j ir ~x,r !5
1

r Er

RA
I ~x,r !rdr . ~13!

At the cathode surface the electron and the ion current d
sities are related by the conditionj e5g j i , whereg is the
electron secondary emission coefficient. The electron cur
density can be calculated as

j er~x,r !5
RC

r
g j ir ~x,RC!1

1

r ERC

r

I ~x,r !rdr . ~14!

The charged particle current densities are combined into
total current densityj 0r ,

j 0r~x,r !5 j er~x,r !1 j ir ~x,r !,

which is connected with the discharge current by

i 52pe•2E
0

L/2

j 0r~x,r !rdx. ~15!

The 3D graphs of the electron, ion, and total radial curr
densities are shown in Figs. 8~a!–8~c!. Note that the product
j 0r(x,r )r is independent ofr, which is stipulated by the dis
charge geometry. The values of current linear density

i x52pe j0r~x,r !r ~16!

give the current at the axial pointx.
The comparison of the calculated and measured dep

dences is given in Fig. 9. The solid curve in Fig. 9~a! is the
calculated radial profile of the electron density at the cen
of the CMD, and it is compared with the measured valu
~solid dots!. Open dots are the measured electron den
profile at 12 cm aside from the center, where the third pro
is positioned. The dashed curves are the calculations a
cm ~upper curve! and 12.2 cm~lower curve!. In Fig. 9~b! we
compare the calculated and measured axial profiles of
currents falling on the cathode surface. Dots are the meas
ments@19# of the current on the segments and the line is
computation according to Eq.~16!. Both measured and cal
1-7
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culated values are multiplied by 2 being drawn for half of t
discharge. It is seen that in the frames of the half-empir
model, where input parameters are the discharge voltage
approximate radial course of the field, and the powern of the
axial dependence of potential, the obtained axial variati
of the particle density and current to cathode agree well w
the experiment.

In principle, the various kinds of instabilities can devel
in the magnetized plasma. As a rule, the plasma instabil
appear in sufficiently strong magnetic fields when the fi
strength exceeds some critical value. The presence of
chastic instabilities has been detected in our CMD when
magnetic field increased above the value of approxima
20 mT @24#. These oscillations had the continuous frequen
spectrum, and manifest as the unwanted noise added to
Langmuir probe floating potential when measuring with t
floating probe, and as the increased noise of the meas
current when measuring theV-A probe characteristic. Unde
our experimental conditions of low magnetic fields, the o
cillations can be believed to play no significant role. Nev
theless, extensive experimental and theoretical studies
required concerning the possibility and the role of instab
ties.

FIG. 9. Calculated~lines! and measured~dots! electron densities
at the CMD center~solid! and at 12 cm aside from the cent
~open!. Dashed lines are calculational results atx512 cm ~upper
line! and x512.2 cm ~lower line!~a!. Calculated~line! and mea-
sured~dots! axial distributions of the current on cathode~b!.
h-

l.
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VII. CONCLUSION

The cylindrical magnetron discharge with the large ra
of length to radius has been designed to create axially
form regions where all parameters are only radially varyin
The measurements of the axial dependence of the elec
density and currents on cathode showed that there are
nificant disturbances of plasma produced by the shields
iting the discharge in the axial direction and biased at
cathode potential. The presence of the shields creates
potential well that traps electrons in the central region
CMD. Under low pressures and small magnetic fields use
experiments, the electron energy relaxation lengths consi
ably exceed the magnetron radius~for magnetized electrons!
and the length of the CMD~for unmagnetized electrons!,
yielding strongly nonlocal distribution functions. The sp
tially inhomogeneous Boltzmann kinetic equation has be
employed for the numerical analysis of the electron moti
As the electron travels many times across the axial poten
well before its energy is changed noticeably due to accel
tion in radial electric field, the average of the kinetic equ
tion over axial coordinate appears to be an effective solv
procedure. The averaged kinetic equation can be solved
merically, being formally alike the nonaveraged equati
written under assumption of the axial homogeneity of t
discharge. The resultant electron distribution function d
pends on the total energy and radial coordinate, and it ca
recalculated in terms of the kinetic energy and radius
every axial coordinate by corresponding rearrangemen
the variables. The electron density and ionization rate ca
lated from this EDF decrease in approaching towards
shields. The current linear density, i.e., the current on ca
ode surface also demonstrates falling axial dependence.
comparison of the calculated axial dependences of elec
density and current on cathode showed good agreement
the experimental results.
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