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A cylindrical magnetron discharg€MD) 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 fufEfdn 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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[. INTRODUCTION tational expenses and sensitivity to numerical noise. In addi-
tion, a majority of papers reveals either no comparison with
Magnetron glow discharges are widely used in the thin-experimental results or poor agreement between calculations
film processing industry and coating applications. Magnetror@nd measurements, which hampers estimating the efficiency
devices differ from conventional glow discharges by employ-of the models.
ing externally applied magnetic field, which is parallel to the  In this paper the cylindrical magnetron dischaf@#D)
cathode surface in a certain region, as it is in the planar ot considered, which due to its relatively simple geometry

geometrically complicated discharges, or in a whole region@nd field configuration is an interesting topic for the experi-
mental studies and modelings. In the series of our works the

as it is in the cylindrical magnetrons. A transverse field con- . . :
figuration leads to the electron confinement and increase i ;\Al?arr:gfn l?i?e;roet;(éeposzg?éciug::eglee(:)iffglﬂgﬂgé\ﬂg;ilﬁ d by
E:gﬁr(;ras&i?esrlg,g trgltjes[gi/'emmg higher ion production andIaser absorpti_on_tec_hnique to detect metastable_ and reso-
. . o - ' nance atom distributions, as well as by the one-dimensional
A big variety of the electric and magnetic field configura- (1D) nonlocal kinetic[8,17] and PIC[18] modelings. Al-
tions has been used in the magnetron sputtering diSCh"’“geﬂ?ﬁough the comparison' of the measured and calcdlated re-

Most commonly, experimental and theoretical researches o515 revealed a satisfactory agreement in the most of inves-
cus on the planar magnetrof-4] and cylindrical magne-  yjgated plasma parameters, namely, the plasma density,
trons[5-8]. electron average energy, high-energy parts of the EDFs, and
Numerous discharge models have been developed to dggnsities of excited staté47], there was some discrepancy
termine plasma parameters such as the charged particle degstween experiment and theories, which was supposed to be
sities and temperatures, the plasma potential, and the elegaused by the axial inhomogeneity and edge effects not in-
tron distribution functions(EDF) [4,5,9,1Q; other studies cluded in the models. Recent experimental investigations
consider various physical processes occurring on the filnperformed in the novel CMd19], which is three times
surface and in its vicinity11,12. Most often two classes of longer than the previous one and contains a segmented cath-
computational techniques are used for the modelings, thesme, showed that there is significant steady-state axial varia-
are PIC-MCC methods and fluid one-dimensional analysistion of the plasma parameters, which becomes more pro-
The fluid methods describe magnetron plasma in terms of theounced at higher pressures and larger magnetic fields. At
Townsend ionization coefficient and classical transport thasmall magnetic fieldsB<20 mT) the axial distributions of
assumes Maxwell distribution and local mechanism of thehe plasma parameters were flat with the exception of the
EDF formation. The magnetron discharges operate at verperiphery regions disturbed by the shields.
low pressures yielding nonequilibrium nonlocal distribution  In the present paper we develop a two-dimensional non-
functions. Therefore, strictly saying, the fluid approaches aréocal kinetic model of the cylindrical magnetron discharge,
unapplicable to magnetron plasma. PIC simulations beingvhich apart from the radial structure caused by the current
fully kinetic and self-consistent are a powerful tool for the flow takes into account the plasma axial inhomogeneity cre-
treatment of the nonequilibrium distribution functions, al- ated by the shields at the ends. So far, these edge effects
though there are several drawbacks caused by their compremained outside the frames of the fluid models, as well as
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|EJ Ex—> N L . . .
:CETE:QDE::B%ES:@T‘:@] TT T T An electron behavior in the axially and radially inhomo-

i/ B— geneous CMD will be analyzed based on the spatially inho-
SEGVENT =30 om mogeneous Boltzmann equation,

FIG. 1. Schematic view of the CMD. The cathode and anode are
the coaxial cylinders. The uniform magnetic field is directed axially.
Shields are connected to the cathode. The left shield is not shown
for clarity.

J-V;F—%(E+[JXI§])-V;F=C(F), (1)

wherem and —e are the mass and charge of the electron.

The electron distribution functiofEDF) F(v,r) is formed
PIC simulations. The electron kinetics in inhomogeneousinder the influence of the spatial gradients, actions of the
axial and radial fields will be considered based on numericalyi| magnetic field, electric fieldE which has radial and
solving the kinetic Boltzmann equation. The nonlocal ap-gyig components, and the collision proces&§). Em-

electrons will be calculated. Calculations of axial and radialmonics’ the electron distribution can be represented in the

variations of plasma density, ionization rate, and current denfgrm

sities will yield an explanation of the axial inhomogeneities

observed in the experiment. Particular results of experiment . R o

and modeling refer to dc discharge in Ar at a pressure of 3F(v,r)=Fqy(v,r,x)+Fq(v,r,x)- —=Fq(v,r,x)
Pa, magnetic field strength of 10 mT, and current of 150 mA. v

U, Uy Uy
+ FFlr(v,r,x)nL?Fw(v,r,x)nL Fle(v,r,x),
IIl. ADESCRIPTION OF THE CMD @
The cylindrical magnetron discharge used in this study is

a modification of the original design described in detail inwhereF, is the isotropic distribution anB,, F;,, andF,
Ref.[16]. The cylindrical discharge vessel that serves as amre the radial, azimuth, and axial components of the vector
anode(grounded is 30 cm in length and 5.8 cm in diameter. EDF anisotropy. A range of applicability of the two-term
The diameter of the inner coaxial cathode is 1.8 cm. Theexpansion has been discussed in R8&f. Taking into ac-
ratio of length to radius hence equals 15. Such a large valueount the higher terms of the expansion will incredibly com-
of the length-to-radius ratio was designed to provide axiaplicate the problem, while an error in macroscopic properties
homogeneity of the discharge in the center region and tés expected to be less than 10% according to the multiterm
provide possibility of using the one-dimensional computa-Study[20]. o o .
tional models. Six evenly distributed coils create the axially ~Substitution of expansiof®) into the kinetic equatio),
homogeneous magnetic field. The system is equipped witA"d integration over solid angles yields
three cylindrical Langmuir probes movable in radial direc-
tion, placed in ports located between each couple of coils at v -
a distance of 6 cm from each other. Half of the cathode 3
length is segmented into seven segments of length 2.0 cm
each. The segments are distanced from each other by 1 mm .
gnd isolated by teflon material. The other half of the cathode WV Fg— — —2— — [Bx ,zl]:él_
is not segmented. Both the segmented and nonsegmented
parts of the cathode are water cooled. Two ends of the device
are closed with stainless steel distshields that are con- Taking into account thaE=E,e, +E,e,, B=Be,, andC;
nected to the cathode, and hence biased at the cathode po-— (/) )F; (A, is electron free pathwe obtain the fol-

tential V.. The schematic view of the cylindrical magnetron |owing expressions for the anisotropic components:
discharge is shown in Fig. 1.

1
2

° 2 P E=C
3m, 5(0 ‘F1)=Cy,

The limiters (shields, being at high negative potential, N of of
influence plasma by creating extended sheaths, which disturb ~ f,,(U,r,x)= —ez{ -0 +eE,—U°}, (3
axial homogeneity. Using three Langmuir probes located 1+(Nelreo) ar J

along the discharge length, the radial profiles of the electron

density can be measured simultaneously for these axial afg dfg
points. The segmented cathode enables the measurement of le(U,r,x):)\E[ - WJFGExm}’
the axial variations of the discharge current. The measure-

ments of the discharge voltage, electron density, and distri-

bution of current on cathodel9] are the basis for develop- f1,U,r,x)= Eflr(ulrlx),
ment of the two-dimensional models. lec

4
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wherer..=v/w.g is the radius of electron cyclotron motion, substituting the anisotropic components into Es), we ob-
weg=e€B/m is the cyclotron frequency, arld=muv?/2 is the  tain the partial differential equation for the isotropic distribu-
kinetic energy. The functions andf differ by the normal- tion,
ization factor 2r(2/m)%?.

It is seen from Eqgs(3) and (4) that the magnetic field 1 dfg(e,x,r) d fo(e,X,1)

does not influence the axial anisotropy, whereas it reduces roor A(8 Xr) ar * 5G(£’X’r) ax

the radial anisotropic distribution by the factarg{/\g)?.

Thus, the axial transport of the electrons remains unaffected 4 iB(s X, fol£,X.1)

by the magnetic field, and this in the radial direction is stipu- de v

lated by theEX B drift. B
The kinetic equation for the isotropic distribution function =C(ex.Nfole.x.1) = Cle+Uex 1)

IS X fo(e+Uey,X,r)+D(e,x,r)fo(e,x,r)—D;
Uulo f EEr J Uf +U ﬁf EEX J Uf XfO(S/B+Uivx!r)_DZfO(S/(l_B)+Ui1X!r)1
rar vy oty e g Y ®)

=S(fo), (5)  with the coefficients defined as

where the collision operator U2NQs (V)

.  UINQs(U) 2+ maly2’
Solfo) = S5\(10)+ S5'(To)+ S Fo) (N mess
U
includes elastic, inelastic, and ionization collisions, G —NQE(U)’ B 2M U“NQg(U),
el 2
Si(10) =253 7GTUNQUUGU.0 ) C=UNQ(U), D=3 UNQ(U),
e X,
(fo)= —UNQex(U)fo(U,r)+(U+UgyN U
SO 0 ex 0 e Dle e Q. +U| ,
X Qex(U+ U fo(U+Ugyi1), 5 ﬁ p
o3 2 ) 50l 5
S (fo)= 2 {=UNAQi(U)fo(U,r)+(U/B+U)) 2 1—5 1-p7"1- B
XNAQ;(U/B+ U fo(UIB+U; 1B The total cross sectioQ@y (U) is the sum of elastic, inelastic,
and ionization cross sections, and the kinetic enéfgy the
+(U/(1=B)+U)NAQ;(U/(1- )+ U;) function of the total energy and coordinatet|=e¢

X fo(U/(1=p)+U;,nNl(1-B)}. +ed(xr).

HereQ(U) andQ.,(U) are the transport cross sections for IV CHARACTERISTIC SCALES
momentum transfer and excitation with the thresHalg. M When employing a numerical solution of the Boltzmann
is the atom mass, an@ and (1-8) are the fractions in kinetic equation for describing the electron component of
which the remaining energy of the colliding electron is magnetron discharge plasma, it is necessary to take into ac-
shared in ionization event between the two outgoing eleccount the characteristic spatial scales of electron momentum
trons. The ionization operat@;" includes a sum of direct and energy relaxation. These characteristic scales that deter-
and stepwise ionization, where the ionization cross sectiomine the mechanisms of electron distribution formation are
Q; denotes either that of direct ionizatio@;) or stepwise the free paths, energy relaxation lengths with respect to vari-
ionization Qs;), ionization thresholdJ; equals to direct or ous collision processes, and plasma inhomogeneity scales.
stepwise ionization potentid y4; or Ug;, and the density of The presence of the axial magnetic field, as it is seen from
the colliding atoms I{,) is either the gas density or the  Egs.(3) and (4), does not influence plasma in the axial di-
excited state density taken equal Ky,=10'* cm™3. The rection but reduces electron drift velocity in radial direction
collision cross sections are the same as in our previous papby the factor of H (A./r.o)?. Itis equivalent to reduction of
[8]. the effective electron free path in the radial directiond),

The kinetic equation(5) can be simplified by changing which can be defined as.g=M/[1+ (Ao/ro0)%], OF to cor-
variables fromU to the total energy since in new variables responding increase of an effective pressure.
the mixed derivatives and projections of the electric field The electron energy relaxation length may be understood
disappear. By introducing the total energy U —e®d(r,x), as the distance at which electrons diffuse at the timef
where®(r,x) is the two-dimensional spatial potential, and energy exchange in collisions,
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changed in elastic collisions. Large amount of fast electrons
N/// can also cross the axial well before they undergo excitation
or ionization collision. For magnetized electrons moving in

N the radial direction, the energy relaxation length with respect
N A : Al .

N e er to elastic collisions X ;) exceeds the radius of magnetron;
size ok.the axial well...—"" the energy relaxation length with respect to inelastic colli-
S A sions (\¥,) is short. As soon as the energy relaxation lengths
- are longer than the corresponding plasma inhomogeneity
. scales(discharge radius and size of the welhe electron

T _ distribution function at any point within the discharge gap is

5 formed nonlocally both in the axial and radial directions by
the whole two-dimensional profile of the potential rather
than by the local electric field value.

Another important aspect of the electron distribution for-

FIG. 2. Spatial scales of the electron motion and EDF formationmation is the temporal scale of electron motion in the radial
in dependence on the electron kinetic energy. g3 Pa, andB  and longitudinal directions. In the axial direction the elec-
=10 mT. trons are trapped by the potential well of the dewth The

time required for an electron to travel across this well of
A,~(Degr,) 2, length L in diffusive regime can be estimated as
~L?/(v\g). In radial direction the electrons are heated by
where Deg~vAeg/3 is the electron diffusion coefficient in the radial field. To acquire a characteristic energy of the or-
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the direction perpendicular to magnetic field, and der of the electron temperaturkT, they must travel the
distanceng=kT./eE, . The velocity of an energy acquisi-
o (mi 1 tion for the transverse field configuration can be easily esti-
rawv MXe \X) mated aw ~eE /mvg, wherevg=uv/\.g. Comparing the

time of energy gain in radial field;, =\ g /vg, with the time
with \¥ denoting electron free path with respect to inelasticof axial diffusive flights, we obtain

collisions. o 2
For the electrons whose energies are smaller than the ex- T kTe ) (E) >1
citation thresholdl<U,,, 7x \eEL/ \rec '
(M/m)¥2\, (M/M)Y2\ =Ny, Ne<lec Thus, the axial displacement of an electron occurs faster than
e —21/2~{ MM Y2 = s the energy gain or loss in _rad|al f|el_d, and electror! can trayel
[1+(Nelred)?] (M/M)™rec=her, Ae>Tec. many times across the axial potential well before it will gain

@) noticeable energyof the order ok T,) from the radial field.

It is seen from Eq(7) that the energy relaxation length is This situation corresponds to explicit nonlocal formation of
q gy 9 the EDF, when the total energy of an electron is approxi-

propqrtl'onal to thg free path for the unmagnetized ele.Ctro.nSmater conserved during the axial motion, far<r, . X,y
and it is proportional to the electron cyclotron radius in

strong magnetic fields\,> 1., magnetized electrons >L, and\%,=L. An effective treatment technique of the

For the electrons whose energies exceed the excitatioWOblems on the nonlocal formation of the electron distribu-
potential,U> U, under condition thatNI/m)\,>\* , the tion consists in averaging the corresponding kinetic equation
’ 1 e

: . . . gver the spatial coordinate, along which the electrons are
energy relaxation length with respect to inelastic processetsrapped and their total energy is conserved. The averaging
can be estimated as follows: X

procedure reduces the number of spatial dimensions, but the

AN 2y (NI ) 2=\ * N<r spatial information is retained implicitly. The methods of
x| et ) _jTenenel mhex e ec nonlocal kinetics and their applications to numerous gas dis-
14+ (Nelred)? red N5 Y2=0*, A>re,  charge objects are summarized in Ré21,22.

®

. _ L V. SOLUTION OF THE KINETIC EQUATION
with the similar dependence on magnetic field. Q

The characteristic scales are represented in Fig. 2 for Ar, The nonlocal model will be applied to particular condi-
at pressurgp=3 Pa and magnetic filed strengB+10 mT. tions of the CMD operation, that is Arp=3 Pa, B
For unmagnetized electrons moving in the axial direction,=10 mT, i=150 mA, discharge lengthL=30 cm, R¢
the energy relaxation length with respect to elastic collisions=0.9 cm, andR,=3 cm. The kinetic equatio) will be
(NAex) much exceeds the discharge dimensions; the energsolved in a model two-dimensional potential shown in Fig. 3
relaxation length with respect to inelastic collisions’{) is  for half of the discharge length. The cathode and shields are
comparable with the size of the axial potential well. It meansat the potential of the cathode, which is taken here as equal
that slow electrons can travel many times across the axidb zero. The anode is an equipotential surface. The radial
potential well, without their total energy being noticeably distribution of the potential at the center of the magnetron is
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Thus, according to experimenits9], at the central region of

.\

I a

/
e

200 \ lll.,y,{,{{/////////g%@///////////////////// magnetron the radial profiles of the potential are almost iden-
‘ i ’Z',/'/{//f/////////,lll/l////,lll‘ tical. At the discharge periphery there is the potential well
400 “““\\_\‘“‘ 2 15  Wwhich traps the electron motion in axial direction.

\“‘_“ - *\C‘“\ As soon as the energy relaxation length in the axial direc-
1 10 tion considerably exceeds the length of the magnetron, the

o< EDF is formed by whole axial potential. Electrons travel
» across the axial well many times before they acquire energy

/C’/;)/ a5 in the radial field. The kinetic equatidi®) can be averaged

over axial coordinate to yield the following representation:

FIG. 3. Profile of the model potential for half of the cylindrical
magnetron discharg&k:=0.9 cm andR,=3 cm. Shield is at the } i A
cathode potential, which is taken zero, anode is an equipotential arr (e.1)

surface. Facton in Eq. (9) is taken equal to 40.

&fo(s,l’) (?B f—C f
—Qr  to (e,1)fo=C(e,r)fg

—C(e+Ug)fo(etUgy,r)+D(e,r)fg(e,r)

typical for potentials obtained self-consistently from the so- ey Y _ A

lutions of one-dimensional problems by nonlocal kinetic Dafo(e/B+Ui.r) = Dafo(s/(1= )+ Uir).
techniques[8]. In this study the radial distribution of the (10
electric field at the CMD center is taken according to the two

following conditions. First, the discharge voltage must cor-The average of the coefficients is carried out according to the
respond to experimentally measurég=598 V. Second, in rule
frames of the one-dimensionélD) axially uniform model

[8] the radial course of the potentiai(r), must provide the

radial profile of the electron density similar to the measured
one. The trial radial electric field and the corresponding den-

sity profile at the discharge center are shown in Fig. 4. Thynere the surfacey(e,r) limits the region reachable for
measured density profile is shown in the figure by dots. Theyectrons, i.e., the kinetic energy turns to zero at this surface
calculation results are normalized by the condition of currentyming points. The second term of Ed6) vanishes in the
independence of axial position=2merjo(r)L, wherejo(r)  averaging procedure due to the central symmetry of the dis-

is the total current density. o , charge and the boundary condition at the potential well
The axial distribution of the potential is taken in the way Xo(&,r):

that the boundary conditions at the cathode, shields, and an-

ode are satisfied, and at the central part of the magnetron the U af,
potential is rather flat, which can be achieved by high value _
of the powem, NQy dx

2 (*o(e.r)
H(s,r)=EJ H(e,x,r)dx,
0

Xo(e,r)

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

The methods for solving the partial differential equations
of the form of Eq.(10) were described in Ref8]. The equa-
tion can be discretized on a grid that is equidistant in total
energies and nonequidistant in radius. Large gradients of
electric field and the necessity of an accurate treatment of
ionization collisions require one to use the grids with a small
step in energy. The accuracy of the obtained results was
checked by a requirement of fulfillment of axially averaged
particle and energy balances.

The solution of the averaged kinetic equation yields the
EDF at the center as a function of the total energy and radial

10 15 20  25¢ (ICI:n)I3-0 coordinate. The electron distributions at the axial points that
are distanced by, from the center can be obtained by the

FIG. 4. Model electric field corresponding to potential at the rearrangement of the variables of the axial EDF according to
discharge centdfig. 3). Electron density is calculated in the model the potentiakP(x,,r). This procedure is analogous to calcu-
field in 1D approximation and measured density profile at thelations of the nonlocal distribution functions in the positive
center. column of a dischargg23].
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FIG. 6. Electron density as a function of the axial and radial
coordinates.

The 3D graphs of the electron density and ionization rate are
shown in Figs. 6 and 7. The radial profiles at the discharge
center k=0) are similar to those obtained in our previous
works as well as to those computed by the RB}. The
particle density attains its maximum in the region of the
field’s minimum and then decreases towards the anode. The
rate of ionization is maximal approximately at the boundary
of the cathode-fall and negative glow regions. At the central
part of the discharge, the radial distributions of the plasma

FIG. 5. EDFs as the functions of the kinetic energy and radialy e ies are almost identical for different axial positions. In

position at the discharge cent@ and 13 cm asidéb).
VI. RESULTS AND DISCUSSION

The resultant EDFs for the central point and at 13 cm
from the center are shown in Fig. 5. The radial fall of the ~ >
potential in quasineutral plasma region is small, almost » ’ ------
whole discharge voltage is applied to the cathode region. Fof"E 5
this reason, the axial transformation of the electron distribu- &
tion is connected mostly with the EDF decrease in the abso’, 1 ’
lute value. A shift of a radial position of maximum in slow =
electrons that are responsible for electron particle and curren— 0 /'/ll
density, and of maximum in fast electrons that contribute to '/{/,'I
ionization and excitation rates, becomes more apparent a .

larger values ok.

Using the EDFs at different axial positions, the radial pro-
files, for instance, of the electron density,] and ionization
rate (I) can be calculated as the functions of the axial posi-

tion and radius according to

ne(x,r)—fmeqj(xr)fo(s,r)[s+e<l>(x,r)]1’2ds, (12)

[(x,r)=

X fo(e,r[e+ed(x,r)]Yde.

2 1/2 o
oS [ et

12

%, .
/l/ \\\;: \\“ R
\ “ \\\\\\\ ‘\\‘§§$‘\‘§§§§
# \%;{"‘t I RS,

T g

FIG. 7. lonization rate as a function of the axial and radial
coordinates.

016401-6



TWO-DIMENSIONAL NONLOCAL MODEL OF AXIALLY ...

/
i

I, IS, ERRVLALNORR I,
i) ‘0 e gt \\\\‘ g !
= 5 l":""‘W«‘\““‘\“‘“““““““““‘ N

SIS
/ &%’W&g&“' SRR
AR S
s
Wl
Y, % 9%
S / ;f;};‘: (s
‘\“o" ':'/'"' %

o

X

SRTIIIRRNG

)
M

oS
-

s
5

5
o
Y
5

et

S
5953
S8

S

&

% %
%
5
i

X

pe——

e

%
%

'%‘:’

——

S

——

5

R
yotee?
S

v Wy

—

=3
p i’

=

0/ '/'¢

R

s

“%"'"l"'f"""‘"'

S %

S
s
S, 'l&:

NS

<
a—

S—

kIS
I““I ||l||||||||||||
i
\%“""’“‘ ““‘ |“l\l\|\l\\‘\\|‘\‘\“““‘“\‘|‘|‘|‘||\|\||\\\\\\.

|
il ‘ (cm\ 3

M
i iR

18

“‘ i
Mty
\“““‘:‘:\t&\\\\\\

i (10”°cm?s™)

A

i
Il
My
\\\\\ S5

\“\‘\l\““\\\\\\‘\‘\‘\\\\\\\\\\\\\\\\\;;:‘\‘:g{\“:g:‘:};“:‘:‘&t‘\‘
i =" 3
‘\|\||\\\\\|‘\:\“\:\“\:\:\‘\‘\‘\““\‘$\“‘““““ ¢ (™

LTI

\l

Iy

1A

LTS
Y
\‘\“\\“‘\‘\“\‘R\\\\ e
i\ S
\\\\\\\\\‘\‘&\\\\\\\\\\\\‘\‘:‘““

Il

SRS
e 5
SR ISEEERS
e ety X X
SIS :0&"0‘0"’00’0
g SO S ST o
e
RIS
SRR
IS
s ‘.“:‘:“3‘:}?“
S
X SESSSSES
S

S
e 5
etlun] X
e = SRS
s
kst S 8% peignt 585
v, SIS 5535
R SIS SIS S S S
S S eI S ST S ‘&:
¢O ‘:':“"‘::‘}‘33“‘%3‘ :?‘ =
N

X
5%
X
<
X
X

%

‘Q&‘: :&‘?‘
<5

R

55
JoSiois
S

9e%

53 &.‘“:o
o

bt

5

S

K
<SSR
23 X
eSSy

puns
X

p—

S

-
e ““\“ SRS

Jesiusieriesies
e e ne iR ueines
S ‘éf‘ S <X
RIS ‘\3““\“‘

—
—
v o

D —

4“”
e
S
S
S

S "‘%
SO
=
—"’o&
SRS
S
SRS
¢'¢’
=

—
—
S —

__
=
TS
—_—
—
—

ittt
ittt
“\\\\‘\‘\‘\‘\‘\:\‘\\‘\‘\‘}\“\:‘:‘\‘\‘\‘\‘\\\‘\““\\\\\ 1
‘\\\ i \EL
=S
() 3

FIG. 8. Electrona), ion (b), and total(c) radial current densities

as functions of the axial and radial coordinates.
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the periphery region there is a decrease towards the shields.
Electrons are reflected from the walls of the axial potential
well. The decrease of the ionization rate starts at smaller
axial coordinates than the decrease of the density. This is
caused by depletion of the nonlocal distribution function in
fast electrons.

The two-dimensional profiles of the radial current densi-
ties can be computed from the ionization rate distributions.
Due to the boundary condition used in the average proce-
dure, there is no axial component of the electron currents in
our model. The axial component of the ion current density
can be neglected compared to the radial component, since
the discharge is axially homogeneous in the central part, and
the current to the shield@s the experimentsl9] show) is
few hundredths of the current to the cathode. The ion radial
current density that satisfies the conditipfix,r =R,) =0,
under the approximation of smallness of the axial ion current
density, can be written as

1 (Ra
jir(Xyr):FJ' I(x,r)rdr. (13

At the cathode surface the electron and the ion current den-
sities are related by the conditign=yj;, where y is the
electron secondary emission coefficient. The electron current
density can be calculated as

r

. Re . 1
]er(xvr):T'yJir(XaRc)"'FjR [(x,r)rdr. (149

The charged particle current densities are combined into the
total current densityy, ,

jOr(Xyr):jer(er)+jir(er),

which is connected with the discharge current by

L/2
i=2we~2f jor(X,r)rdx. (15
0

The 3D graphs of the electron, ion, and total radial current
densities are shown in Figs(a8—8(c). Note that the product
jor(X,r)r is independent of, which is stipulated by the dis-
charge geometry. The values of current linear density

iy=2me]jo (X,r)r (16)

give the current at the axial point

The comparison of the calculated and measured depen-
dences is given in Fig. 9. The solid curve in FigaQis the
calculated radial profile of the electron density at the center
of the CMD, and it is compared with the measured values
(solid dotg. Open dots are the measured electron density
profile at 12 cm aside from the center, where the third probe
is positioned. The dashed curves are the calculations at 12
cm (upper curveéand 12.2 cn{lower curve. In Fig. 9b) we
compare the calculated and measured axial profiles of the
currents falling on the cathode surface. Dots are the measure-
ments[19] of the current on the segments and the line is a
computation according to Eql6). Both measured and cal-
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VII. CONCLUSION

The cylindrical magnetron discharge with the large ratio
of length to radius has been designed to create axially uni-
form regions where all parameters are only radially varying.
The measurements of the axial dependence of the electron
density and currents on cathode showed that there are sig-
nificant disturbances of plasma produced by the shields lim-
iting the discharge in the axial direction and biased at the
cathode potential. The presence of the shields creates axial
potential well that traps electrons in the central region of
CMD. Under low pressures and small magnetic fields used in
experiments, the electron energy relaxation lengths consider-

—_ 121 o o (b) ably exceed the magnetron radifisr magnetized electrons

E 104 7 and the length of the CMDOfor unmagnetized electrops

"g 8 yielding strongly nonlocal distribution functions. The spa-
Q tially inhomogeneous Boltzmann kinetic equation has been

__E 6 employed for the numerical analysis of the electron motion.

As the electron travels many times across the axial potential
: : . well before its energy is changed noticeably due to accelera-
0 5 10 x (cm) 15 tion in radial electric field, the average of the kinetic equa-
_ N tion over axial coordinate appears to be an effective solving
FIG. 9. Calculatedllqes) and measure(ﬁotQ. electron densities  procedure. The averaged kinetic equation can be solved nu-
at the CMD center(solid) and at 12 cm aside from the center yerically, being formally alike the nonaveraged equation
(open. Dashed lines are calculational resultsxat12 cm (upper written under assumption of the axial homogeneity of the
line) and x=12.2 cm (lower ling)(a). Calculated(line) and mea- . s .
L discharge. The resultant electron distribution function de-
sured(doty axial distributions of the current on catho¢®. . . .
pends on the total energy and radial coordinate, and it can be

culated values are multiplied by 2 being drawn for half of the'®calculated in terms of the kinetic energy and radius for
discharge. It is seen that in the frames of the half-empiricafVery axial coordinate by corresponding rearrangement of
model, where input parameters are the discharge voltage, e vanables._The electron dens.|ty and ionization rate calcu-
approximate radial course of the field, and the pomefthe lateéd from this EDF decrease in approaching towards the
axial dependence of potential, the obtained axial variation§hields. The current linear density, i.e., the current on cath-

of the particle density and current to cathode agree well witfPde surface also demonstrates falling axial dependence. The
the experiment. comparison of the calculated axial dependences of electron

In principle, the various kinds of instabilities can develop density and current on cathode showed good agreement with

in the magnetized plasma. As a rule, the plasma instabilitiete experimental results.

appear in sufficiently strong magnetic fields when the field

strength exceeds some critical value. The presence of sto-
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