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Nonlocal electron kinetics and excited state densities in a magnetron discharge in argon
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The densities of argon metastable3P2, and resonance1P1 , 3P1 states were measured along a cylindrical
magnetron discharge radius by absorption spectroscopy using a narrow bandwidth single mode diode laser. The
theoretical treatment includes calculations of the rates of numerous excitation and decay processes based on
nonlocal electron kinetics, and analysis of the transport equations for the resonance and metastable atoms. The
solution technique of the Biberman-Holstein equation of radiation transport is developed in conformity with
magnetron discharge geometry. The radial profile of the effective lifetime is obtained, taking into account
radiation escape on the inner and outer electrodes. The distinction in formations of the radial profiles of the
resonance and metastable atoms caused by specifics of radiation transport and diffusion is demonstrated. The
results of experiments and calculations are compared.
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I. INTRODUCTION

Magnetron discharges of various designs are widely e
ployed in plasma enhanced deposition technologies to re
high sputtering rates. A quantitative study of the plasma
comes simpler in a cylindrical magnetron discharge~CMD!
where inhomogeneities of the plasma parameters occur
radial direction only and where the magnetic field is gen
ated by coils and not by permanent magnets.

The absorption spectroscopy with diode lasers, which
an easy and versatile method of measuring particle dens
was used to determine the population densities in three o
four first excited levels of argon1P1 , 3P1, and 3P2 or in
Paschen notation 1s2 , 1s4, and 1s5. Especially, the meta
stable levels cannot be accessed by other methods. Of sp
interest is the metastable level 1s5 due to the fact that the
electron energy decreases in the positive column and the
rier production is supported by stepwise ionization of e
cited, long-lived levels.

Modeling of spatial distributions of the metastable a
resonance atoms in the discharge of the magnetron con
ration requires, in addition to an accurate calculation of
excitation rates, analysis of the transport processes conne
with the diffusion of the metastable atoms and resona
radiation imprisonment in magnetron discharges. The
cently developed nonlocal kinetic model of magnetron d
charge plasmas@1# permits one to solve the spatially inho
mogeneous Boltzmann kinetic equation in crossed elec
and magnetic fields, and also allows one to calculate
electron distribution function and to compute the mac
scopic properties, such as electron density and average
ergy, rates of excitation and ionization, etc. The solution
the problem on the metastable atom diffusion reveals no
ticular difficulties and can be obtained by standard metho
Formation of the resonance atom densities described by
Biberman-Holstein equation@2,3# requires special attentio
to geometrical properties of the discharge gap. Cylindri
magnetron discharge is represented by two extended co
electrodes in the axially homogeneous magnetic field ge
1063-651X/2002/65~4!/046401~10!/$20.00 65 0464
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ated by coils. The photons of resonance radiation can es
from the discharge not only on the outer bounding surface
happens in cylindrical discharge tubes, but also on the in
one.

The issues on the population of resonance states in cy
drical discharge tubes are studied in some detail for Dop
and Lorentz profiles of spectral lines both under the assu
tion of the effective lifetime, and taking into account high
radial modes. There are numerous analytical and nume
methods@4–10# for solving the Biberman-Holstein equatio
in various geometrical situations; however, the discharge
magnetron configuration has not been considered in the
erature. At the same time, the experimental data on pop
tions of metastable and resonance atoms in magnetron
charge require development of an appropriate theoret
description.

In the present paper, we study experimentally and th
retically the formation of the spatial distributions of the e
cited atoms in magnetron discharge in argon at magn
field strengthB520 mT, pressurep52.8 Pa~gas tempera-
ture 300 K!, and current 72 mA. The solution technique
the Biberman-Holstein equation is developed in conform
with magnetron discharge geometry. The approximation
the effective lifetime is considered and the radial depende
of the effective probability of radiation escape obtained
the discharge between two cylindrical electrodes. The b
ance equations for the particle densities of metastable
resonance atoms are considered, taking into account the
citation and decay processes that take place in the real
charge. The results of experiment and calculations are c
pared and discussed.

II. EXPERIMENTAL INVESTIGATIONS OF ELECTRON
AND EXCITED ATOM DENSITIES

The experimental setup is shown in Fig. 1. The cylindric
magnetron discharge consists of a coaxial nonmagn
stainless-steel vacuum vessel that can be pumped by
combination of a mechanical and turbomolecular pu
down to pressures of the order of 1023 Pa. The inner
stainless-steel cylinder is water cooled, isolated from
©2002 The American Physical Society01-1
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I. A. POROKHOVA et al. PHYSICAL REVIEW E 65 046401
vacuum system body, and serves as cathode of the magn
discharge that is connected to the negative output termina
a high-voltage power supply with grounded positive outp
terminal. The outer cylinder serves as anode. The magn
field is created by means of a pair of coils that were speci
designed to have nearly parabolic cross sections in orde
compensate for the losses at the ends of the coils and pro
a homogeneous field strength distribution along the wh
length of the discharge. The discharge current is stabilized
the power supply that is operated in a constant-current m
The flow of the working gas to the discharge chamber
been controlled by using the MKS mass-flow controller, a
the working pressure inside the discharge vessel has
measured by means of an MKS Baratron capacitance v
ummeter. The length of the discharge is adjusted by the
diaphragms kept at cathode potential. Four slots were cu
the diaphragms for the spectroscopic observations.

The laser setup consists of a holographic grating st
lized diode laser in the Littrow configuration with an o
tained bandwidth of 4.5 MHz and a tuning range of appro
mately 25 GHz. The wavelength scanning was achieved b
computer controlled voltage ramp to a highly stabilized c

FIG. 1. Experimental setup for absorption measurements.
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rent source that had less than 10mA noise at typical oper-
ating currents of 100 mA. The whole laser setup w
mounted on a heat sink that was actively temperature st
lized by a Peltier element to62 mK. Passive temperatur
stabilization was achieved by a Perspex housing. Control
of the laser frequency was done by a 1 m monochromator.
Transmission peaks of a confocal Fabry-Perot resonator w
used as frequency marks while scanning the laser acros
absorption profile. By moving simultaneously the coupli
mirror and the photodiode by means of a stepping motor u
the laser beam could be scanned across the diameter o
discharge in order to examine radial density and tempera
profiles. The radial resolution due to the stepping motor
1/48 mm. The signal is recorded using lock-in techniques
order to obtain low-noise measurements.

The tungsten cylindrical probe is positioned perpendicu
to the discharge axis and hence also to electric and magn
field lines. The probe is radially movable by a microme
screw with an accuracy of60.05 mm. The probe characte
istic was measured by using a computer-controlled Siem
voltage calibrator B3050 and a Siemens multimeter B32
The electron density was determined from the electron pr
current I e0 at the plasma~space! potential Vs . Details on
probe construction and measurements are contained in R
@11,12#.

Spectroscopic measurements were done on the argo
diative transitions (3p54s–3p54p) in the range 810–826 nm
A typical example for the absorption spectrum of the arg
transition 1s2–2p2 is shown in Fig. 2. To obtain the radia
density and temperature profiles an efficient least squ
routine @13# was used to fit the Gaussian absorption profi
for the different Zeeman transitions in a longitudinal ma
netic field with known values of the magnetic field, Land´
factors@14#, and oscillator strengths@15#. Especially, for the
Ar 1s5 level care has to be taken of the optical thickness t
affected the absorption profile. The single Zeeman transiti
were fitted with Doppler profiles. The temperature of t
argon atoms defined from the Doppler linewidth is found
n

an
e

FIG. 2. Absorption spectrum of the argo
transition 1s2–2p2 measured atp51.5 Pa, B
5485 G, i 5100 mA ~solid line!. The position
of the single Zeeman components~dashed lines!
is shown. The temperature of the argon atoms c
be calculated from the Doppler width of th
Gaussian profiles (T5380620 K).
1-2
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NONLOCAL ELECTRON KINETICS AND EXCITED . . . PHYSICAL REVIEW E65 046401
be almost constant along the discharge length and equ
380 K.

III. TRANSPORT EQUATIONS AND EXCITATION RATES

The spatial distribution of the resonance atoms is
scribed by the Biberman-Holstein integral equation

ANr~r !2AE
(V)

K~r ,r 8!Nr~r 8!d3r 85S~r !2D~r !, ~1!

whereS, D are, respectively, the rates of excitation and d
excitation of the resonance level,Nr(r ) is the resonance
atom density at the pointr , A is the probability of spontane
ous radiation,K(r ,r 8) is the probability that a photon emit
ted at the pointr 8 will travel the distanceur2r 8u without
absorption and be absorbed at the pointr :

K~r ,r 8!5
1

4p

1

~r2r 8!2E0

`

«nknexp~2knur2r 8u!dn. ~2!

Here «n and kn are the profiles of emission and absorpti
lines.

The metastable atoms under the same approximations
described by the diffusion equation in the form

2Dm

1

r

d

dr
r

dNm~r !

dr
5S~r !2D~r !, ~3!

whereS(r ), D(r ), andNm(r ) are the excitation and deexc
tation rates and density of metastable atoms;Dm is the dif-
fusion coefficient. Metastable and resonance atoms hav
be treated differently, since the metastable atoms have
nite mean free path, while the photons in the wings of sp
tral lines travel very large distances and it is not possible
introduce a diffusion coefficient for these photons.

The self-consistent kinetic approach to the description
magnetron discharge developed in Ref.@1# permits one to
solve the kinetic equation in spatially inhomogeneous e
tric fields, and also allows one to obtain the electron dis
bution functionf 0(U,r ) as a function of the kinetic energyU
and radial coordinater and to compute macroscopic prope
ties of the discharge, such as particle and current dens
excitation and ionization rates, etc.

In crossed electric~E! and magnetic~B! fields the kinetic
equation for the electron distribution function takes the f
lowing representation:

U

3

1

r

]

]r
r f 1r~U,r !2

eE~r !

3

]

]U
U f 1r~U,r !5C0~ f 0!, ~4!

f 1r~U,r !5
le

11~le /r ec!
2 F2

] f 0

]r
1eE~r !

] f 0

]U G ~5!

where the collision operator

C0~ f 0!5C0
el~ f 0!1C0

ex~ f 0!1C0
di~ f 0!1C0

si~ f 0!
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includes elastic and inelastic collisions, direct and stepw
ionization collisions, respectively.le is the electron free path
and r ec5v/veB is the Larmor radius of electron cyclotro
motion (veB5eB/m, v is the velocity of electron with the
massm and charge2e). By changing variables fromU to
the total energy«5U1ew(r ), with radial potential energy
ew(r )52*Ra

r E(r )dr(2e), the system~4!, ~5! can be sim-

plified and the distribution functionf 0(U,r ) calculated@1#.
With the distribution function obtained, the rates of exc

tation and decay can be calculated for each levelNs of the
system 3p54s, if the cross sections of the corresponding pr
cesses are known. These rates have to be substituted int
balance equations~1!, ~3! and the required densities of th
excited states found.

The most important processes of excitation~S! and deex-
citation ~D! of the resonance and metastable states 4s in
argon are the direct excitation by electron collision, casc
processes going through higherp levels with further radia-
tion into s states, mixing ofs states by electron collision, an
chemoionization.

The right-hand sides of the balance equations~1! and ~3!
contain the following processes leading to population a
quenching of excited states in real discharge.

(a) Excitation processes:
~i! Direct excitation by electron collision:A1e→Am1e.

The rate of the process is

S0m~r !5NS 2

mD 1/2E
Um

`

Q0m~U ! f 0~U,r !UdU.

~ii ! Mixing in the system ofs states by electron collision
As1e→Am1e,

Ssm~r !5 (
sÞm

NsS 2

mD 1/2E
Usm

`

Qsm~U ! f 0~U,r !UdU.

~iii ! Cascade excitation of the atom from ground state i
a p state by electron impact with further radiative transiti
to s state:A1e→Ap1e, Ap→Am1hn,

Sc0m~r !5 (
p51

10 S NApm

(
k

Apk

S 2

mD 1/2E
Up

`

Q0p~U ! f 0~U,r !UdUD .

~iv! Cascade excitation of the atom ins state into one of
the p states with further radiative transition tos state:As
1e→Ap1e, Ap→Am1hn,

Scsm~r !5 (
sÞm

NsF (
p51

10 S Apm

(
k

Apk

S 2

mD 1/2

3E
Usp

`

Qsp~U ! f 0~U,r !UdUD G .

(b) Deexcitation processes:
1-3
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I. A. POROKHOVA et al. PHYSICAL REVIEW E 65 046401
~i! Mixing in the system ofs states by electron collision
Am1e→As1e,

Dms~r !5Nm(
sÞm

S 2

mD 1/2E
Usm

`

Qsm~U ! f 0~U,r !UdU.

~ii ! Cascade mixing in the system ofs states as a result o
stepwise excitation of the atom from thes state into one of
the p state with further radiative transition on thes level:
Am1e→Ap1e, Ap→As1hn,

Dcms~r !5Nm(
p51

10 S 12
Apm

(
k

Apk
D S 2

mD 1/2

3E
Ump

`

Qmp~U ! f 0~U,r !UdU.

~iii ! Stepwise ionization:Am1e→A112e,

Dm`~r !5NmS 2

mD 1/2E
Um`

`

Qm`~U ! f 0~U,r !UdU.

HereN is the gas density,Nk is the atom density in thekth
state of the system 4s, Um is the excitation energy of the
level m @14#, Usp5Up2Us is the process threshold,Usm
5Um2Us for collisions of the first kind and is zero fo
collisions of the second kind. Details about cross secti
used in the calculations are given in the Appendix. The
cillator strengths of the radiative transitionsp→s @15# are
listed in the Appendix. The mixing processes by atom co
sions were neglected due to their smallness at low press

The formation of the excited state densities was bey
the scope of the prevoius paper@1#, where the main attention
was given to a self-consistent description of the electron
ion components and field formation. The metastable ato
were treated there approximately under the assumption o
effective excited level with the given density distribution.
this study, we concentrate mainly on the transport proce
governing the formation of each resonance and metast
level.

IV. ANALYSIS OF RADIATION TRANSPORT EQUATION
FOR MAGNETRON DISCHARGE

In this section, the integral equation for radiation transp
will be considered with respect to magnetron discharge
ometry. In order to elucidate the transport and imprisonm
features of radiation, the analysis of the Biberman-Holst
integral equation will be given while neglecting the mixin
processes, which is in the form

Wr~r !5ANr~r !2AE
(V)

K~r ,r 8!Nr~r 8!d3r 8, ~6!

whereWr(r ) is the source term, independent of the dens
Nr .
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A. Influence of the line profile

In a range of magnetron discharge working pressures
profiles of spectral lines are described by the Voigt funct
with a small value of the parametera5(ln 2)1/2DnL /DnD :

«v~a,v!5
a

p3/2E2`

` exp~2y2!dy

~v2y!21a2
, ~7!

kv5k0
Dp1/2«v ; v52~ ln 2!1/2~n2n0!/DnD .

DnL andDnD52(ln 2)1/2(2kT/M )1/2n0/c are the half-widths
of Lorentzian and Doppler profiles. The half-widt
of the Lorentzian profile is stipulated by natur
broadening with DnL

n5A/2p and the collisional
one DnL

c5(g0 /gr)
1/2e2N f /(11.7p2mn0e0). n0 is the fre-

quency of the resonance transition,k0
D5AN(c2/

n0
2)(gr /g0)(ln 2)1/2/(4p3/2DnD) is the absorption coefficien

at the center of the Doppler line,gr andg0 are the statistical
weights of the resonance and ground states,f is the oscillator
strength,c is the light velocity, ande0 is the vacuum permit-
tivity.

A very important property in the theory of radiation tran
port is the function

F~k0
DR,a!5E

2`

`

«vexp~2kvR!dv, ~8!

which strongly depends on the profile of the spectral lin
The dependence of the calculated values of this function
the optical thicknessk0

DR (R is the tube radius! is shown in
Fig. 3 for several values of the Voigt profile parameter~solid
lines!. In the same figure the asymptotics of these functio
calculated with the Doppler profile and Lorentzian wing
the Voigt profile are shown,

FIG. 3. Dependence of the functionF(k0
DR,a) on the absorptio

coefficient at the center of the Doppler part of the Voigt profilek0
D for

different parameters of the Voigt profilea. Dotted lines correspond t
calculations with pure Lorentzian and Doppler line profiles. Dash
lines are the calculations by asymptotical formula~9!.
1-4
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NONLOCAL ELECTRON KINETICS AND EXCITED . . . PHYSICAL REVIEW E65 046401
F~k0
DR,a!'

1

k0
DR@p ln~k0

DR!#1/2
~Doppler!,

F~k0
DR,a!'p1/4S a

pk0
DR

D 1/2

~Lorentz!. ~9!

It is seen from the figure that even for the minimal value
a50.01, the Lorentz asymptotic is applicable beginning w
the optical thicknessk0

DR;33103. With the growth of the
parametera the applicability range of the asymptotical sol
tion increases towards smaller optical densities. Thus
k0

DR.33103 that is observed in experiments, the cent
part of the Voigt profile is absorbed, and when calculating
kernel of Eq.~1! the Voigt profile can be replaced with th
Lorentzian one written in the form

kv5
a

p1/2

k0
D

a21v2
, «v5

a

p

1

a21v2
.

With the help of the function~8! the effective probability
Ae f f of radiation escape from the axis of an infinite cylind
cal tube can be easily calculated by Biberman’s theory@4#,
dependent on gas pressure. With increasing pressure
number of absorbing atoms the optical thickness grows,
collision broadening leads to an increase of the parameta
of the Voigt profile.

In Fig. 4, the effective probability of a photon esca
from the axis of a tube is given for the argon tran
ition 1P1–1S0 (A54.33108 s21, n052.8631015 s21,
f 50.213). It is seen from the figure that th
Doppler asymptotic, which gives Ae f f50.785A/
(k0

DR@p ln„k0
DR…#1/2), can be used at pressures below ab

1024 Torr. At pressures above about 231022 Torr the
Lorentzian asymptotic is applicable with Ae f f

FIG. 4. Effective probability of radiation escape from an infin
cylindrical tube of radius 3 cm dependent on gas pressure. S
line corresponds to the Voigt profile and dashed lines to the Lor
zian and Doppler line profiles. Ar, transition1P1–1S0.
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50.874A(pk0
LR)21/2. For the pressures exceeding 1 Torr t

effective probability becomes independent of pressure, s
the absorption coefficient under these conditions is de
mined by collision broadening.

The presence of a magnetic field of the order of hundr
of Gauss and Zeeman splitting of the order of natural wi
caused by this field, does not play any role in calculatio
since under large absorption coefficients the central par
the profile is completely absorbed.

In the following we shall consider magnetron discharge
low pressures (p,0.05 Torr) where pressure broadenin
occurs to be smaller than the natural one and the paramea
becomes equal to 0.017 for the above transition. The abs
tion coefficient at the center of the line has large valu
k0

D@cm21#51.58310212N@cm23# that lead to complete ab
sorption of the Doppler part of the profile at short distanc
and permits us to employ the Lorentzian asymptotic of
Voigt profile.

B. Approximation of the effective lifetime for magnetron
discharge

The radial dependence of the effective lifetimete f f or the
effective probability of radiation escapeAe f f by Biberman’s
theory @4# can be obtained if one eliminates the dens
N(r 8) at the pointr . This can be done if the kernelK(ur
2r 8u) decreases more abruptly than the densityNr(r 8),

Ae f f~r !5AF12E
(V)

K~ ur2r 8u!d3r 8G . ~10!

Integration over the discharge volume in Eq.~10! includes
integration over the magnetron length@Fig. 5~a!# and the area
unscreened by the inner electrode shown in Fig. 5~b!. Defin-
ing by z the axial distance between the pointsr and r 8, and
by r the distance between these points in the plainz

5const, we may write ur2r 8u25z21r2, r 825r 21r2

22rr cosc. The integral in Eq.~10! becomes

E
(V)

K~r ,r 8!d3r 85E
0

c0
dcE

0

rC
rdrH~r,c!

1E
c0

p

dcE
0

rA
rdrH~r,c!,

wherec05arcsin(RC /r),

H5
1

2pE2`

` dz

z21r2E0

`

kn«nexp@2kn~z21r2!1/2#dn,

and the limits of integration overr are defined by expres
sions

rC5r cosc2~RC
2 2r 2sin2c!, c0,c,p,

rA5r cosc1~RA
22r 2sin2c!, 0,c,c0 ,

whereRC and RA are the radii of inner cathode and out
anode.

lid
t-
1-5



al
e

t

-
e-

dii
il-
c-

ua-
est

er-
ty
ant,

at

r

d
o

I. A. POROKHOVA et al. PHYSICAL REVIEW E 65 046401
By introducing the variablex5z/r instead ofz, we obtain

E
(V)

K~r ,r 8!d3r 8

5
1

pE0

c0
dcE

0

` dy

~y211!3/2

3E
0

`

«n$12exp@2knrC~y211!1/2#%dn

1
1

pEc0

p

dcE
0

` dy

~y211!3/2

3E
0

`

«n$12exp@2knrA~y211!1/2#%dn.

~11!

When taking the integral over frequency in Eq.~11! one
should keep in mind that*0

`«ndn51, and the integral
*0

`«nexp(2knR)dn may be calculated by the asymptotic
formula ~9!. Finally, for the Lorentzian asymptotic of th
Voigt profile at large absorption densities we obtain

Ae f f~r !5A
0.874

~pk0RA!1/2

1

p F E
0

c0 dc

~qC!1/2
1E

c0

p dc

~qA!1/2G ,

~12!

FIG. 5. Scheme of magnetron discharge and resonance radi
propagation~a!. Magnetron cross section atz5const~b!. The inte-
gration over the volume in Eq.~10! is equivalent to integration ove
the dashed region and along the discharge length.
04640
where qC,A5rC,A /RA and the absorption coefficien
at the center of line isk05k0

D/(ap1/2)5k0
L , with k0

L

5AN(c2/n0
2)(gr /g0)/(4p2DnL) denoting the absorption co

efficient at the center of the Lorentzian line. The radial d
pendencies ofAe f f calculated according to Eq.~12! are rep-
resented in Fig. 6 for various ratios of electrode ra
RC /RA . It is seen from the figure that the effective probab
ity of radiation escape increases in the vicinity of both ele
trodes. For comparison, the radial dependence ofAe f f for a
cylindrical tube without a central electrode (RC→0) is
shown in the same figure.

The calculations with the Doppler profile result in

Ae f f~r !5
A

p

0.785

k0
DRA@p ln~k0

DRA!#1/2F E0

c0dc

qC
1E

c0

p dc

qA
G .

This case is realized at very low pressures (p,1023 Torr),
but at high absorption densitiesk0

DR.10.

C. Eigenmodes and eigenvalues of the transport equation

To find eigenvalues and eigenmodes of the transport eq
tion ~6! various methods may be applied. One of the simpl
ways consists in replacement of the integral equation~6! by
a system of linear algebraic equations. By dividing the int
electrode distance intoM intervals and assuming the densi
of the resonance atoms within each interval to be const
the integral term in Eq.~6! can be written in the form

E
(V)

K~r ,r 8!Nr~r 8!d3r 8

5 (
m50

M21

Nr~r m11/2!E
r m

r m11
K~r ,r 8!r 8dr8dzdc.

Integration of the kernel within the limitsr m,r 8,r m11
gives a matrix of the coefficientsbk,m . The resulting system
of linear equations to define the densitiesNr(r k) has the
form

ion

FIG. 6. Effective lifetime as a function of radial position an
radius of cathode. The ratioRC /RA equals 0, which corresponds t
the cylindrical discharge tube; 0.1;0.2.
1-6



s
le
u

e

e

ia

al
ally
dis-
cies

tri-
of

f the

e

d

ron
ng
de
ive

n
s are
on
tion
ix-
les

m-
nce

l of

NONLOCAL ELECTRON KINETICS AND EXCITED . . . PHYSICAL REVIEW E65 046401
A
0.874

~pk0
LR!1/2F (

m50

M21

Nr~r m11/2!bk,mG5W~r k11/2!. ~13!

The coefficients of the matrix may be computed analogou
to calculations of effective lifetime by the Lorentzian profi
of absorption and emission. The following three cases sho
be distinguished here:

r k,r m ,

bkm5E
c0

p

dcE
rm

1

rm11
1

rdrH~r,c!

5
1

p F E
c0

p dc

~qm
1!1/2

2E
c0

p dc

~qm11
1 !1/2G ;

r m,r k,r m11,

bkm5E
c0

p

dcE
0

rm11
1

Hrdr2E
c0

cm
dcE

rm
2

rm
1

Hrdr

1E
0

c0
dcE

0

rm
2

Hrdr

5
1

p F E
c0

cm11 dc

~qm
1!1/2

2E
c0

p dc

~qm11
1 !1/2

2E
0

cm dc

~qm
2!1/2G ;

r k.r m11,

bkm5E
0

cm11
dcE

rm11
2

rm11
1

Hrdr2E
0

cm
dcE

rm
2

rm
1

Hrdr

2E
0

c0
dcE

rm
1

rm11
1

Hrdr5
1

p F E
0

cm11 dc

~qm11
2 !1/2

2E
0

cm11 dc

~qm11
1 !1/2

2E
0

cm dc

~qm
2!1/2

1E
c0

cm dc

~qm
1!1/2G ,

where the integration limits are defined as

rm
25r kcosc2~r m

2 2r k
2sin2c!1/2,

rm
15r kcosc1~r m

2 2r k
2sin2c!1/2,

cm5arcsin~r k /r m!,

c05arcsin~RC /r m!.

The variableq differs fromr by normalization on the anod
radius:q5r/RA .

In Fig. 7, the eigenmodesw( r̃ ), where r̃ 5r /RA of the
matrix bk,m , are shown. The eigenfunctions are normaliz
according to the condition*0

1w i( r̃ )w j ( r̃ ) r̃ d r̃5d i j following
from the symmetry of the integral equation kernel. The rad
course of the fundamental mode is shown in Fig. 7~a! for
04640
ly

ld

d

l

several ratios of electrode radii. In contrast to cylindric
tube geometry where the fundamental mode monotonic
decreases from the axis towards the wall, in magnetron
charge this mode has a maximum. The radial dependen
of higher modes are illustrated in Fig. 7~b! for the ratio
RC /RA50.2.

The results of a model problem on resonance atom dis
bution formation are shown in Figs. 8 and 9. The densities
a resonance state obtained from the accurate solution o
Biberman-Holstein equation, i.e., from system~13! (Nr ,
solid line! and in approximation of the effective lifetim
(Nt , dashed line! are shown in Fig. 8 for two profiles of the
excitation rate (W, dotted line!. The solutions are normalize
by the conditions that the maximal value ofW051 and
W0 /N05Al0.874/(pk0

LRA)1/2, wherel51.47 is the eigen-
value of the fundamental mode for the particular magnet
configuration. It should be noted that in the case of a stro
deviation of the excitation rate from the fundamental mo
the densities calculated under approximation of effect
lifetime differ noticeably~more than two times! from those
calculated accurately.

In Fig. 9, the normalized radial profiles of the excitatio
rate and densities of resonance and metastable state
shown to demonstrate particularly the influence of diffusi
of metastable atoms and the transport of resonance radia
for magnetron discharge geometry while neglecting the m
ing processes. It is seen that diffusion of the metastab
leads to significant broadening of the density profile in co
parison to that of the source. The profile of the resona

FIG. 7. Radial course of the fundamental modes of the kerne
the integral equation for different ratiosRC /RA ~a!. Radial course
of higher modes in magnetron configuration withRC /RA50.2 ~b!.
1-7
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atom density is similar to the profile of the source with t
exception of the peripheral regions. If the mixing proces
are important, the profiles of metastable and resonance a
become more alike.

V. DISCUSSION OF THE RESULTS AND COMPARISON
WITH EXPERIMENT

In this study the radial profile of the electric field streng
was chosen in such a way that the electron distribution fu
tion calculated in this field gives the absolute values a

FIG. 8. Model radial distributions of excitation rateW and the
densities of resonance atoms calculated under the assumptio
effective lifetime Nt and from the accurate solution of radiatio
transport equation~13! Nr for broad~a! and narrow~b! profiles of
the source.

FIG. 9. Normalized radial distributions of the excitation rateW,
metastableNm , and resonanceNr atom densities formed in magne
tron discharge while neglecting the mixing processes.
04640
s
ms

c-
d

radial profile of the electron density equal to the experim
tally measured density of electrons. The radial dependenc
the electric field strength is shown in Fig. 10~a!. The electron
density that corresponds to the electron distribution funct
that is formed in this field has a radial dependence as sh
in Fig. 10~b!. The electric field profile shown in Fig. 10~a! is
in a good correlation with the field profile obtained se
consistently in Ref.@1#. With the help of the distribution
function the rates of excitation and decay were calculated
functions of radial position.

of

FIG. 10. Model electric field strength as a function of rad
position in magnetron discharge~a!. The electron distribution func-
tion calculated in this field gives the electron density~line! coinci-
dent with the measured~dots! profile ~b!.

FIG. 11. Densities of the excited Ar states in real magnet
discharge. Symbols are the data of experiment. Solid lines are
results of calculations.
1-8
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Equations~1! and~3! were transformed into the system
linear algebraic equations in a way analogous to that
scribed in the previous section. Finally, to determine the
cited atom densities, we obtained the following system
linear equations:

M̂NW s5WW s . ~14!

The vectorNW s has the componentsN2 , N3 , N4 , N5 that are
the densities of the resonance and metastable atoms.

The components of the free term, i.e., of the vectorWW s
correspond to direct and cascade excitation of the levelNs .
Diagonal elements of the matrixM̂ represent the decay fre
quencies of the levelNs by stepwise ionization, diffusion
and radiation decay; direct mixing ins levels by electron
collisions; and cascade collision-radiative mixing throu
higherp levels. Nondiagonal elements of the matrix are co
nected with the population processes of the levelNs by step-
wise and cascade collision-radiative mixing.

The solution of the system of 43M equations~14! per-
mits us to find the radial dependencies of the densi
Ar(1s225).

In Fig. 11, the calculation results of the particle numb
densities of thes2 , s4, ands5 levels are compared with th
data obtained in experiments for the following dischar
conditions: Ar, B520 mT, p52.8 Pa, i 572 mA, RC
50.5 cm,RA53 cm, and discharge lengthL512 cm. The
density profiles have a maximum at the boundary of the c
ode region and a positive column where the excitation r
attains maximal value, and then smoothly decrease tow
the anode. Under our conditions the configuration 3p54s of
the argon atoms is populated mainly by the cascade
cesses going through direct excitation of 3p54p states and
subsequent radiation. The direct and, in particular, the c
cade mixing processes are quite efficient, causing the
crease in the metastable and resonance densities to be
lar.

The distribution of the metastable atoms is described q
well. In order to fit the experimental curve for the density
s2 state, the probability of its spontaneous radiation w
taken to be 2.5 times smaller than that given in the literatu
We should note that the relative course of the density of
s2 state is described well by the theory, but the absol

TABLE I. Oscillator strengths for the transitionsp→s.

s2 s3 s4 s5

p1 0.1330 0 0.00054 0
p2 0.1720 0.341 0.0159 0.0292
p3 0.4310 0 0.1190 0.0296
p4 0.1600 0.560 0.0002 0.00299
p5 0 0 0.1210 0
p6 0.1250 0 0 0.239
p7 0.0151 0.095 0.2730 0.0306
p8 0.0385 0 0.4130 0.092
p9 0 0 0 0.51
p10 0.0049 0.058 0.0840 0.159
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value, which depends on many factors shows the indica
deviation from the experimental data. This difference can
explained by the finite length of magnetron discharge, unc
tainty in the constants of elementary processes, and st
sensitivity of the source term to the value of the electric fie
As soon as the excitation cross section and the probabilit
resonance radiation have the largest values for the states2,
these reasons can result in the largest error, namely, for
density Ar(1s2).

VI. CONCLUSION

In the present paper, the densities of argon atoms in
resonance and metastable 3p54s states were measured by th
laser absorption technique. The excitation rates of th
states by direct electron collision and cascade transiti
over radiatingp levels are calculated on the basis of t
nonlocal electron distribution function. The Biberma
Holstein resonance radiation transport equation is analy
in conformity with cylindrical magnetron geometry. The ke
nel of the integral operator is considered in the explicit for
The effective probabilities of radiation escape are calcula
dependent on the radial coordinate for various values of c
ode and anode radii. The solution of the integral radiat
transport equation is obtained by its transformation into
system of linear equations. Eigenmodes and eigenvalues
found that permit one to consider the influence of high
modes on the formation of spatiotemporal distributions
the resonance atoms. The distinctions in radial profiles of
resonance and metastable atoms are demonstrated, whic
caused by peculiarities of the processes of radiation trans
and diffusion. The results of the calculations are compare
those of experimental study.
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APPENDIX

The cross sectionsQ0m andQ0p of direct excitation of the
s andp levels were taken according to data@16#.

When calculating the ratesSsm and Dms, one needs to
distinguish the collisions of the first and second kinds. T
corresponding cross sections were taken from Ref.@17# in
the form

Qsm~U !54pa0
2f sm

Ry2

Usm
FU2Usm

U2 G ~ first kind!,

TABLE II. CoefficientsCp used in calculations.

p 1 2 3 4 5 6 7 8 9 10

Cp 5 15 6 15 8 14 16 15 6 10
1-9
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Qsm~U !54pa0
2f sm

gm

gs

Ry2

Usm
F 1

UG ~second kind!,

wherea0 is the radius of the first Bohr orbit, Ry is the Ryd
berg coefficient,Usm5uUm2Usu is the difference of excita-
tion energies,gs is the statistical weight of the levels, f sm
are the oscillator strengths that were taken as the follow
f 355 f 5350.0084, f 455 f 5450.0085, f 525 f 2550.007. The
values for other transitionss→s were taken equal to 0.001

The cross sectionQsp for stepwise excitations→p was
calculated using the formula@18#
d

e,

k

04640
g:

Qsp~U !54pa0
2f ps

Ry2

Usp
2 Fx21

x G1/2

3
ln$2@x1~x21x!1/221/2#%

x1Cp
,

where x5U/Usp , oscillator strengths are represented
Table I, and coefficientsCp, are listed in Table II.
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