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Nonlocal electron kinetics and excited state densities in a magnetron discharge in argon

I. A. Porokhoval? Yu. B. Golubovskii? C. Csambat, V. Helbig2 C. Wilke! and J. F. BehnKe
nstitute for Physics, Ernst-Moritz-Arndt University, Domstrasse 10a, D-17489 Greifswald, Germany
2St. Petersburg State University, Ulianovskaia 1, 195904 St. Petersburg, Russia
3Institute of Experimental Physics, Christian-Albrechts University, Kiel, Germany
(Received 3 August 2001; published 13 March 2002

The densities of argon metastabie,, and resonancéP,, P, 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 ated by coils. The photons of resonance radiation can escape
from the discharge not only on the outer bounding surface, as
Magnetron discharges of various designs are widely embappens in cylindrical discharge tubes, but also on the inner
ployed in plasma enhanced deposition technologies to reacH'®: , . ,
high sputtering rates. A quantitative study of the plasma be-,_ 1he issues on the population of resonance states in cylin-
comes simpler in a cylindrical magnetron dischafGa/D) drical discharge tubes are studied in some detail for Doppler

where inhomogeneities of the plasma parameters occur in &'d Lorentz profiles of spectral lines both under the assump-
tion of the effective lifetime, and taking into account higher

:tlg(ljalbsl::eoﬁgogn%ngo?gs \;;v:rfr:zrtgﬁt T%%T;g field is 9eNer adial modes. There are numerous analytical a_md num_erical
. : . ) ... methodg4-10] for solving the Biberman-Holstein equation
The absorption spectroscopy with diode lasers, which ig, \arioys geometrical situations; however, the discharge of
an easy and versatile method of measuring particle densitieg, ognetron configuration has not been considered in the lit-
was used to determine the populat|on3den5|t|e53|n three of therature. At the same time, the experimental data on popula-
four first excited levels of argortP;, °P;, and °P, or in  {ions of metastable and resonance atoms in magnetron dis-
Paschen notations}, 1s,, and Iss. Especially, the meta- charge require development of an appropriate theoretical
stable levels cannot be accessed by other methods. Of specifdscription.
interest is the metastable levessldue to the fact that the In the present paper, we study experimentally and theo-
electron energy decreases in the positive column and the catetically the formation of the spatial distributions of the ex-
rier production is supported by stepwise ionization of ex-cited atoms in magnetron discharge in argon at magnetic
cited, long-lived levels. field strengthB=20 mT, pressur@=2.8 Pa(gas tempera-
Modeling of spatial distributions of the metastable andture 300 K, and current 72 mA. The solution technique of
resonance atoms in the discharge of the magnetron configthe Biberman-Holstein equation is developed in conformity
ration requires, in addition to an accurate calculation of thevith magnetron discharge geometry. The approximation of
excitation rates, analysis of the transport processes connecttif effective lifetime is considered and the radial dependence
with the diffusion of the metastable atoms and resonanc€f the effective probability of radiation escape obtained for
radiation imprisonment in magnetron discharges. The rethe discharge between two cylindrical electrodes. The bal-
cently developed nonlocal kinetic model of magnetron dis-2"C€ equations for the particle densities of metastable and
charge plasmakl] permits one to solve the spatially inho- resonance atoms are considered, taking into account the ex-
mogeneous Boltzmann kinetic equation in crossed electrig!tation and decay processes that take place In the real dis-
and magnetic fields, and also allows one to calculate thgharge. The results of experiment and calculations are com-

electron distribution function and to compute the macro-pared and discussed.
scopic properties, such as electron density and average eny ey pepMENTAL INVESTIGATIONS OF ELECTRON

ergy, rates of excitation and ionization, etc. The solution of AND EXCITED ATOM DENSITIES

the problem on the metastable atom diffusion reveals no par-

ticular difficulties and can be obtained by standard methods. The experimental setup is shown in Fig. 1. The cylindrical
Formation of the resonance atom densities described by theagnetron discharge consists of a coaxial nonmagnetic
Biberman-Holstein equatiof®,3] requires special attention stainless-steel vacuum vessel that can be pumped by the
to geometrical properties of the discharge gap. Cylindricatombination of a mechanical and turbomolecular pump
magnetron discharge is represented by two extended coaxidbwn to pressures of the order of 10 Pa. The inner
electrodes in the axially homogeneous magnetic field genestainless-steel cylinder is water cooled, isolated from the
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| monoct Jo ] bC rent source that had less than }0A noise at typical oper-
ating currents of 100 mA. The whole laser setup was
Confocal FPI Photo diode mounted on a heat sink that was actively temperature stabi-
=S| ! lized by a Peltier element t&2 mK. Passive temperature
_________________________ N m L stabilization was achieved by a Perspex housing. Controlling
! ! of the laser frequency was dong B 1 m monochromator.
Breaker Transmission peaks of a confocal Fabry-Perot resonator were
——————————————————————— 5! PC ! used as frequency marks while scanning the laser across the
. i \ LAD [ DA i absorption profile. By moving simultaneously the coupling
Step Magnetron discharge i Lo i L mirror and the photodiode by means of a stepping motor unit
motor A - Lockd the laser beam could be scanned across the diameter of the
v v, amplifier discharge in order to examine radial density and temperature
ﬁ Photo diode profiles. The radial resolution due to the stepping motor is

1/48 mm. The signal is recorded using lock-in techniques in
FIG. 1. Experimental setup for absorption measurements. ~ Order to obtain low-noise measurements.

The tungsten cylindrical probe is positioned perpendicular
vacuum system body, and serves as cathode of the magnetrtsnthe discharge axis and hence also to electric and magnetic
discharge that is connected to the negative output terminal dfeld lines. The probe is radially movable by a micrometer
a high-voltage power supply with grounded positive outputscrew with an accuracy of 0.05 mm. The probe character-
terminal. The outer cylinder serves as anode. The magnetistic was measured by using a computer-controlled Siemens
field is created by means of a pair of coils that were speciallyoltage calibrator B3050 and a Siemens multimeter B3220.
designed to have nearly parabolic cross sections in order tbhe electron density was determined from the electron probe
compensate for the losses at the ends of the coils and provideirrent| o at the plasmaspacg potential V. Details on
a homogeneous field strength distribution along the wholgrobe construction and measurements are contained in Refs.
length of the discharge. The discharge current is stabilized bf11,12].
the power supply that is operated in a constant-current mode. Spectroscopic measurements were done on the argon ra-
The flow of the working gas to the discharge chamber hasliative transitions (3{s—3p4p) in the range 810—826 nm.
been controlled by using the MKS mass-flow controller, andA typical example for the absorption spectrum of the argon
the working pressure inside the discharge vessel has bedransition 1s,—2p, is shown in Fig. 2. To obtain the radial
measured by means of an MKS Baratron capacitance vacwalensity and temperature profiles an efficient least squares
ummeter. The length of the discharge is adjusted by the twooutine[13] was used to fit the Gaussian absorption profiles
diaphragms kept at cathode potential. Four slots were cut ifor the different Zeeman transitions in a longitudinal mag-
the diaphragms for the spectroscopic observations. netic field with known values of the magnetic field, Lande

The laser setup consists of a holographic grating stabifactors[14], and oscillator strengthd5]. Especially, for the
lized diode laser in the Littrow configuration with an ob- Ar 1sg level care has to be taken of the optical thickness that
tained bandwidth of 4.5 MHz and a tuning range of approxi-affected the absorption profile. The single Zeeman transitions
mately 25 GHz. The wavelength scanning was achieved by were fitted with Doppler profiles. The temperature of the
computer controlled voltage ramp to a highly stabilized cur-argon atoms defined from the Doppler linewidth is found to

3150
o -transitions o *-transitions
3100
™~
3050 - AN -
2 7, \\\\
§ 3000 - '// \\ FIG. 2. Absorption spectrum of the argon
¥ \’ y; \\ /’ transition 1s,—2p, measured ap=1.5 Pa,B
5 2950 |- \ /// =485 G,i=100 mA (solid ling). The position
_§ \ \ / of the single Zeeman componenitiashed lines
2 2900 | \ ot is shown. The temperature of the argon atoms can
E be calculated from the Doppler width of the
_ ) ) _
§ 2850 L Gaussian profilesT=380*=20 K).
2800 |- N
2750 M | " | " 1 " 1 " 1 M ]
0 1 2 3 4 5 6
frequency (GHz)
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be almost constant along the discharge length and equal iocludes elastic and inelastic collisions, direct and stepwise

380 K. ionization collisions, respectively. is the electron free path
andr..=v/weg is the Larmor radius of electron cyclotron
IIl. TRANSPORT EQUATIONS AND EXCITATION RATES motion (weg=€B/m, v is the velocity of electron with the

S ) massm and charge—e). By changing variables frord to
The Spatlal distribution of the resonance atoms is dethe total energ}e:U+e(P(r), with radial potentia| energy

scribed by the Biberman-Holstein integral equation ep(r)= —fEaE(f)df(—e)y the system(4), (5) can be sim-
plified and the distribution functiofhy(U,r) calculated1].
ANr(r)—Af K(r,r)N,(r")d3’'=S(r)—D(r), (1) With the distribution function obtained, the rates of exci-
W) tation and decay can be calculated for each I&gbf the

. . system $°4s, if the cross sections of the corresponding pro-
whereS D are, respectively, the rates of excitation and de-.agses are known. These rates have to be substituted into the
excitation of the resonance level (r) is the resonance pajance equationél), (3) and the required densities of the
atom density at the point, A is the probability of spontane- oycited states found.
ous radiation{((r,r’)_ is the probab_ility that a photqn emit- The most important processes of excitati@ and deex-
ted at the point’ will travel the distancer—r'| without  citation (D) of the resonance and metastable statesird
absorption and be absorbed at the point argon are the direct excitation by electron collision, cascade

processes going through higherevels with further radia-
°° tion into s states, mixing os states by electron collision, and
fo e, kexp—k,[r=r)dv. (2 cpemoionization. ’ g
The right-hand sides of the balance equati@hsand(3)
contain the following processes leading to population and
quenching of excited states in real discharge.

, 1
K(r,r ):E(r—r’)z

Here e, andk, are the profiles of emission and absorption
lines.

The metastable atoms under the same approximations are (&) Excitation processes: »
described by the diffusion equation in the form (i) Direct excitation by electron collisiolA+e—A,+e.
The rate of the process is

1d dNg(r)
_Dmr dr dl’ _S(r)_D(r)! (3)

-

2 12 ~ o
80m<r>=N(E) fUmQOm<U)fo<u,r>Udu.

whereS(r), D(r), andN,,(r) are the excitation and deexci- I L

tation rates and densitymof metastable atos; is the dif- (i) Mixing in the system of states by electron collision:

fusion coefficient. Metastable and resonance atoms have {35 €~ AmT€,

be treated differently, since the metastable atoms have a fi- 0\ 112 (o

nite mean free path, while t_he photons in_ the wings of_ spec- g, (r)= 2 Ns<_) J Qan(U)fo(U,r)udu.

tral lines travel very large distances and it is not possible to s#m m Usm

introduce a diffusion coefficient for these photons. o .
The self-consistent kinetic approach to the description of (iii) Cascade excitation of the atom from ground state into

solve the kinetic equation in spatially inhomogeneous electo s state:A+e—Ay+e, Ay—An+hy,

tric fields, and also allows one to obtain the electron distri-

10
bution functionf (U, r) as a function of the kinetic enerdy ¢ > NAm [ 2 llzj‘” Qo(U)fo(U,r)UdU
and radial coordinate and to compute macroscopic proper- ~0m p=1 m Up op o
ties of the discharge, such as particle and current densities, ; Apk
excitation and ionization rates, etc.

In crossed electri€E) and magnetic¢B) fields the kinetic (iv) Cascade excitation of the atom éstate into one of
equation for the electron distribution function takes the fol-he 5 states with further radiative transition ®state: A
lowing representation: +e—A e, Ay—A,+hy °

ul o f U eE(r) Jd Uf U C(f 4 10 A 2 1/2
PR — _ = m
37 5 TV = —5— 25U (UN=Colfo), (4 Sn1)= 3, N 3, L(E)
E Apk
k
T — [ Mo | ek >af°} ©
wUr)=————|——+ekEr)— "
r 1+ (Nelred?l 7 oV xf Q.(U)fo(U,r)udu
U sp! 0 ’
S
where the collision operator P
Colfo) =C5!(fo) + C§(fo) +CG'(fo) + CF(fo) (b) Deexcitation processes:
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(i) Mixing in the system of states by electron collision: 1
Ante—Aqte,

2 12 r o
Dms(r):Nmz (E) fU Qsm(U)fo(U,r)udu.

s#m

(ii) Cascade mixing in the system e6tates as a result of
stepwise excitation of the atom from tlestate into one of
the p state with further radiative transition on tlselevel:
Ante—A,+e Ay—Ast+hy,

1
A 2 1/2
Dcms(r):Nmz 1_i (a) .
T2
. pk Doppler‘-.\

o 1 10 10? D. “10
xJ Qump(U)fo(U,r)UdU, o
Ump

FIG. 3. Dependence of the functicﬁ(kgR,a) on the absorption
coefficient at the center of the Doppler part of the Voigt prd(ﬁe‘or
different parameters of the Voigt profite Dotted lines correspond to
calculations with pure Lorentzian and Doppler line profiles. Dashed

12 o
Dl(r) = Nm(%) fu Qm-(UW)fo(U,r)udu. lines are the calculations by asymptotical form(fa
mee

(ii ) Stepwise ionizationA,,+e— A" + 2e,

A. Influence of the line profile
HereN is the gas density\, is the atom density in thkth
state of the systems} U, is the excitation energy of the
level m [14], Us,=U,—Ug is the process threshold)sy,
=U,,— U, for collisions of the first kind and is zero for
collisions of the second kind. Details about cross sections

In a range of magnetron discharge working pressures the
profiles of spectral lines are described by the Voigt function
with a small value of the parametar=(In2)"?A v, /Avp:

a (= exp—y*dy

used in the calculations are given in the Appendix. The os- g, (a,w)= — ST 7
cillator strengths of the radiative transitiops—s [15] are m) —=(w—y) t+a

listed in the Appendix. The mixing processes by atom colli-

sions were neglected due to their smallness at low pressures.  k,=k§7"%,; w0=2(In2)Y2v—vy)/Avp.

The formation of the excited state densities was beyond

the scope of the prevoius pagdi, where the main attention A v andAwvp=2(In 2)Y%(2kT/M)¥2y/c are the half-widths
was given to a self-consistent description of the electron an@f Lorentzian and Doppler profiles. The half-width
ion components and field formation. The metastable atomgf the Lorentzian profile is stipulated by natural
were treated there approximately under the assumption of theroadening  with Av'=A/27 and the collisional
effective excited level with the given density distribution. In one A v =(go/g,)Y?e®Nf/(11.77°mvyep). vo is the fre-
this study, we concentrate mainly on the transport processefuency of the resonance transitionkngN(czl
governing the formation of each resonance and metastablg?) (g, /go)(In 2)Y%/(47%?A vp) is the absorption coefficient

level. at the center of the Doppler ling, andg, are the statistical

weights of the resonance and ground stdtésthe oscillator

IV. ANALYSIS OF RADIATION TRANSPORT EQUATION strengthc is the light velocity, and, is the vacuum permit-
FOR MAGNETRON DISCHARGE tivity.

) ) ) ) o A very important property in the theory of radiation trans-
In this section, the integral equation for radiation transportport is the function

will be considered with respect to magnetron discharge ge-
ometry. In order to elucidate the transport and imprisonment
features of radiation, the analysis of the Biberman-Holstein F(kgR,a)=f
integral equation will be given while neglecting the mixing -
processes, which is in the form

o0

e, exp—k,R)dw, ®)

which strongly depends on the profile of the spectral line.
The dependence of the calculated values of this function on
Wr(r):ANr(r)_Af K(r,r )N, (r")d3’, (6)  the optical thicknes&5 R (R is the tube radiusis shown in
V) Fig. 3 for several values of the \Voigt profile paramdtsolid
lines). In the same figure the asymptotics of these functions
whereW,(r) is the source term, independent of the densitycalculated with the Doppler profile and Lorentzian wing of
N, . the Voigt profile are shown,
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10°, =0.874A(7k5R) ~Y2 For the pressures exceeding 1 Torr the

i effective probability becomes independent of pressure, since
the absorption coefficient under these conditions is deter-
mined by collision broadening.

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

In the following we shall consider magnetron discharge at
low pressures {<0.05 Torr) where pressure broadening
occurs to be smaller than the natural one and the parameter
becomes equal to 0.017 for the above transition. The absorp-
tion coefficient at the center of the line has large values
ko[em 1]=1.58<10 *N[cm ] that lead to complete ab-
sorption of the Doppler part of the profile at short distances
10 ! 10 10° and permits us to employ the Lorentzian asymptotic of the

Voigt profile.

Dopplelr""__

L hY
10* 10° 10°
p [torr]

2

FIG. 4. Effective probability of radiation escape from an infinite
cylindrical tube of radius 3 cm dependent on gas pressure. Solid B. Approximation of the effective lifetime for magnetron
line corresponds to the Voigt profile and dashed lines to the Lorent- discharge

. ' ' sl
zian and Doppler line profiles. Ar, transitiohP; . The radial dependence of the effective lifetimg; or the

effective probability of radiation escape. ;s by Biberman’s
1 theory [4] can be obtained if one eliminates the density

D ~
FlkoR.a)~ kgR[wIn(kgR)]l’Z (Doppley, N(r') at the pointr. This can be done if the kern&(|r
—r'|) decreases more abruptly than the denkityr’),
112
D 114
F(kO R,a)"’ﬂ' (WkSR) (LorentZ). (9) Aeff(r):A 1_J(V)K(|r_r/|)d3r/ ) (10)

It is seen from the figure that even for the minimal value of |ntegration over the discharge volume in Em) includes
a=0.01, the Lorentz asymptotic is applicable beginning withintegration over the magnetron lengig. 5@] and the area
the optical thicknes&g R~3x 10°. With the growth of the  unscreened by the inner electrode shown in Fig).Defin-
parameter the applicability range of the asymptotical solu- ing by z the axial distance between the pointandr’, and
tion increases towards smaller optical densities. Thus, ay p the distance between these points in the plain
k8R>3>< 10° that is observed in experiments, the central— const we may write [r—r'[2=272+ p2 r'ér2+p2
part of the Voigt profile is absorbed, and when calculating the_ 5, c<’)s¢. The integral in Eq(10) becomes

kernel of Eq.(1) the Voigt profile can be replaced with the
Lorentzian one written in the form o pc

J et = [ Fau | pdntico.n

a kj a 1

0" 19 2. o Co™_ "5 - m P
72 8%+ w? T a’+ w? +L dl/ffoApde(p,l!/),
0
With the help of the functiori8) the effective probability

A.¢; Of radiation escape from the axis of an infinite cylindri- where jp=arcsinR:/r),

cal tube can be easily calculated by Biberman'’s thddiy

dependent on gas pressure. With increasing pressure and 1 (» dz (=

number of absorbing atoms the optical thickness grows, and H= ﬁji 2J

collision broadening leads to an increase of the paranzeter

of the Voigt profile. N and the limits of integration ovep are defined by expres-
In Fig. 4, the effective probability of a photon escape gjons

from the axis of a tube is given for the argon trans-

kvsvexq - kv(22+p2)l/2]dV1

°°Zz+p 0

ition P,;-'S, (A=4.3x10° s, 1,=2.86x10" s 1, pe=r cosy— (RE—17Siry), o< i<,
f=0.213). It is seen from the figure that the
Doppler  asymptotic, which  gives Ag¢=0.785A/ pa=r cosy+ (RE—r2sirty), 0<y<iy,

(kSR[ 7 In(kgR)]*?), can be used at pressures below about
10™* Torr. At pressures above aboutx20 2 Torr the whereRe and R, are the radii of inner cathode and outer
Lorentzian asymptotic is applicable  with Ag¢; anode.
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Anode

r’'R

FIG. 6. Effective lifetime as a function of radial position and
radius of cathode. The rati®: /R, equals 0, which corresponds to
the cylindrical discharge tube; 0.1;0.2.

where gca=pca/Ra and the absorption coefficient
at the center of line isko=kb/(am'?)=kj, with k§
=AN(c?v3)(9,/90)/ (4m?Av,) denoting the absorption co-
efficient at the center of the Lorentzian line. The radial de-
pendencies oA calculated according to E@l2) are rep-

FIG. 5. Scheme of magnetron discharge and resonance radiatioesented in Fig. 6 for various ratios of electrode radii
propagation(a). Magnetron cross section at=const(b). The inte-  R./R,. It is seen from the figure that the effective probabil-
gration over the volume in Eq10) is equivalent to integration over ity of radiation escape increases in the vicinity of both elec-
the dashed region and along the discharge length. trodes. For comparison, the radial dependencAgf for a

) ) ] ) ) cylindrical tube without a central electrodeR{—0) is
By introducing the variabl&=z/p instead ofz, we obtain  gjown in the same figure.

The calculations with the Doppler profile result in
f K(r,r")d3’
(V) A 0.785

Pod iy mdi
Aer1)= 2\ oR [7In(kPR,) ]2 fo ac " Juotal
_1ond J’w dy o RA oA 0
“ 7)o v 0 (y2+1)°%? This case is realized at very low pressurps<(l0~3 Torr),

but at high absorption densitiég R> 10.

N —ox] — 2. 112
X fo e, {1—exd —K,pc(y-+1)"}dv C. Eigenmodes and eigenvalues of the transport equation

To find eigenvalues and eigenmodes of the transport equa-
i ifwdlﬁfm dy tion (6) various methods may be applied. One of the simplest
)y, 0 (y2+1)°%2 ways consists in replacement of the integral equat@®rby
a system of linear algebraic equations. By dividing the inter-
v Jwg (1—exd —k,p (y2+ 1)1’2]}dv electrode distance inthl intervals and assuming the density
0o’ vEA ' of the resonance atoms within each interval to be constant,
(11 the integral term in Eq(6) can be written in the form

When taking the integral over frequency in E@l) one f K(r,r )N, (r")d3r’
should keep in mind thaffje,dv=1, and the integral v
Joe.exp(=k,Rdv may be calculated by the asymptotical M-1 fred
formula (9). Finally, for the Lorentzian asymptotic of the => N,(rmH,z)J' K(r,r")r'dr'dzdy.
\oigt profile at large absorption densities we obtain m=0 'm
v d . d Integration of the kernel within the limits,,<r'<r;,.
J' o_d¢ +J' 4 gives a matrix of the coefficients, ,,. The resulting system
0 (ac)?  Jue(ga)t? of linear equations to define the densitids(r,) has the
form

0874 1

(mkoRp) V2 T

Acri(r)=A
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M-1

20 Nr(rm+1/2)bk,m

m=

0.874

A(ka—R)“Z =W(re10). (13
0

The coefficients of the matrix may be computed analogously
to calculations of effective lifetime by the Lorentzian profile
of absorption and emission. The following three cases should

PHYSICAL REVIEW E65 046401

20 (a)

be distinguished here:
Me<fm,

Dun= | "0 "™+ 2pdpHip.0)
0

Pm

_i T dw B T dlr// .
- ﬂ{ L’o(qr;)m L’O(Qrtlﬂ)l/z]’

Fn<rc<rm+1,

T + .//m +
bkm=f dwf"m“dep—f dwf”,"’dep
Yo 0 o Pm

[ o
+f dz/ff "Hpdp
0 0
_1“wm+1 di fw diy
TSy (A Juo(ami )M
fwm dy |
o (g%
rk>rm+11
Um + U +
e R T R T
0 Pm+1 0 Pm
o + 1| (Ymer  dy
—J de prHPdP:—j 1
0 Pm mJo (dm+1)

f¢m+1 dlﬂ fwm dlﬂ +J"»”m d¢
o (dmi™ Jo (@™ Juo (gm)*2

where the integration limits are defined as

pm=TCOSY— (r2 —r2sirty)?

p=rCosy+ (r2—risirty)*?,
Ym=arcsinr/ry),

Po=arcsinRe/r ).

The variableqg differs from p by normalization on the anode

radius:q=p/Ra.

In Fig. 7, the eigenmodes(r), wheretr=r/R, of the

0.2 0.4 0.6 I‘/RA 0.8 1.0

FIG. 7. Radial course of the fundamental modes of the kernel of
the integral equation for different ratid®. /R, (). Radial course
of higher modes in magnetron configuration Wikl /R,=0.2 (b).

several ratios of electrode radii. In contrast to cylindrical
tube geometry where the fundamental mode monotonically
decreases from the axis towards the wall, in magnetron dis-
charge this mode has a maximum. The radial dependencies
of higher modes are illustrated in Fig(bj for the ratio
Rc/Rp=0.2.

The results of a model problem on resonance atom distri-
bution formation are shown in Figs. 8 and 9. The densities of
a resonance state obtained from the accurate solution of the
Biberman-Holstein equation, i.e., from systefh3) (N,,
solid line) and in approximation of the effective lifetime
(N, dashed lingare shown in Fig. 8 for two profiles of the
excitation rate \{V, dotted ling. The solutions are normalized
by the conditions that the maximal value @,=1 and
Wy /No=AN0.874/(rk5RA) Y, wherex =1.47 is the eigen-
value of the fundamental mode for the particular magnetron
configuration. It should be noted that in the case of a strong
deviation of the excitation rate from the fundamental mode
the densities calculated under approximation of effective
lifetime differ noticeably(more than two timesfrom those
calculated accurately.

In Fig. 9, the normalized radial profiles of the excitation
rate and densities of resonance and metastable states are
shown to demonstrate particularly the influence of diffusion
of metastable atoms and the transport of resonance radiation

matrix by ,, are shown. The eigenfunctions are normalizedq,, magnetron discharge geometry while neglecting the mix-

according to the conditiorf g¢;(r) ¢;(r)rdr=&j; following

ing processes. It is seen that diffusion of the metastables

from the symmetry of the integral equation kernel. The radialeads to significant broadening of the density profile in com-

course of the fundamental mode is shown in Fig) For

parison to that of the source. The profile of the resonance
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0.0 /) 1 1 b S 1 1 FIG. 10. Model electric field strength as a function of radial

0 0.2 0.4 0.6 08 g 10 position in magnetron discharga). The electron distribution func-
A tion calculated in this field gives the electron denglige) coinci-

FIG. 8. Model radial distributions of excitation rat and the  dent with the measurediots profile (b).

densities of resonance atoms calculated under the assumption of

effective lifetime N and from the accurate solution of radiation radial profile of the electron density equal to the experimen-

transport equatiofil3) N, for broad(a) and narrow(b) profiles of  tally measured density of electrons. The radial dependence of

the source. the electric field strength is shown in Fig.(&0 The electron
o i . density that corresponds to the electron distribution function

atom density is similar to the profile of the source with they, 4t is formed in this field has a radial dependence as shown

exception of the peripheral regions. If the mixing processeg, Fig. 1ab). The electric field profile shown in Fig. 18 is

are important, the profiles of metastable and resonance atory}s 4 good correlation with the field profile obtained self-

become more alike. consistently in Ref[1]. With the help of the distribution
function the rates of excitation and decay were calculated as
V. DISCUSSION OF THE RESULTS AND COMPARISON functions of radial position.

WITH EXPERIMENT

In this study the radial profile of the electric field strength
was chosen in such a way that the electron distribution func-
tion calculated in this field gives the absolute values and

1.0
1010
(‘?A
=
o
0.5 P
.. 2
. @
- C
. [
S . (]
Ty 9 2 M L M
0.0 o 195 1.0 15 2.0 25 3.0
0.8 /R 1.0 .
Aa radius (cm)
FIG. 9. Normalized radial distributions of the excitation réite FIG. 11. Densities of the excited Ar states in real magnetron
metastabléN,,,, and resonancll, atom densities formed in magne- discharge. Symbols are the data of experiment. Solid lines are the
tron discharge while neglecting the mixing processes. results of calculations.
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TABLE I. Oscillator strengths for the transitioms—s. TABLE Il. CoefficientsC, used in calculations.

S, S3 Sa Ss p 1 2 3 4 5 6 7 8 9 10
Py 0.1330 0 0.00054 0 C, 5 15 6 15 8 14 16 15 6 10
o)) 0.1720 0.341 0.0159 0.0292
P3 0.4310 0 0.1190 0.0296 . o
Pa 0.1600 0.560 0.0002 0.00299 Value, which depends on many factors shows the indicated
Ps 0 0 0.1210 0 deviation from the experimental data. This difference can be
D 0.1250 0 0 0.239 explained by the finite length of magnetron discharge, uncer-
pj 0.0151 0.095 0.2730 0.0306 tainty in the constants of elementary processes, and strong

sensitivity of the source term to the value of the electric field.

0.0385 0 0.4130 0.092 o . -
28 0 0 0 051 As soon as the excitation cross section and the probability of
9 . L
D10 0.0049 0.058 0.0840 0.159 resonance radiation have the largest values for the sjate

these reasons can result in the largest error, namely, for the
density Ar(1s,).

Equationg1) and(3) were transformed into the system of
linear algebraic equations in a way analogous to that de- VI. CONCLUSION
scribed in the previous section. Finally, to determine the ex-
cited atom densities, we obtained the following system of
linear equations: r

In the present paper, the densities of argon atoms in the
esonance and metastablg®@s states were measured by the
laser absorption technique. The excitation rates of these
KN = WV (14) states by c_iirect electron collision and cascade _transitions
s s over radiatingp levels are calculated on the basis of the
- nonlocal electron distribution function. The Biberman-
The vectos has the components,, Ns, Ny, N that are Holstein resonance radiation transport equation is analyzed
the densities of the resonance and metastable atoms; in conformity with cylindrical magnetron geometry. The ker-
The components of the free term, i.e., of the vedMy  ne| of the integral operator is considered in the explicit form.
correspond to direct and cascade excitation of the IBkel  The effective probabilities of radiation escape are calculated
Diagonal elements of the matriM represent the decay fre- dependent on the radial coordinate for various values of cath-
guencies of the leveN by stepwise ionization, diffusion, ode and anode radii. The solution of the integral radiation
and radiation decay; direct mixing ig levels by electron transport equation is obtained by its transformation into the
collisions; and cascade collision-radiative mixing throughsystem of linear equations. Eigenmodes and eigenvalues are
higherp levels. Nondiagonal elements of the matrix are con-found that permit one to consider the influence of higher
nected with the population processes of the léNgby step- modes on the formation of spatiotemporal distributions of
wise and cascade collision-radiative mixing. the resonance atoms. The distinctions in radial profiles of the
The solution of the system of 4M equations(14) per-  resonance and metastable atoms are demonstrated, which are
mits us to find the radial dependencies of the densitiesaused by peculiarities of the processes of radiation transport
Ar(1ls,_5). and diffusion. The results of the calculations are compared to
In Fig. 11, the calculation results of the particle numberthose of experimental study.
densities of thes,, s,, ands; levels are compared with the

data obtained in experiments for the following discharge ACKNOWLEDGMENTS
conditions: Ar, B=20 mT, p=2.8 Pa, i=72 mA, R¢ _ )
—=0.5 cm,Ry=3 cm, and discharge length=12 cm. The The work was financially supported by the Deutsche For-

density profiles have a maximum at the boundary of the cathSchungsgemeinschafFG) in the frame of SFB 198 Greif-
ode region and a positive column where the excitation rat§Wwald “Kinetik partiell ionisierter Plasmen” and the trilateral
attains maximal value, and then smoothly decrease toward¥©J€ct of the universities of St. Petersburg, Greifswald, and
the anode. Under our conditions the configuratip?s of ~ Paris=Sud.

the argon atoms is populated mainly by the cascade pro-

cesses going through direct excitation qi°dp states and APPENDIX

subsequent radiation. The direct and, in particular, the cas- The cross section@qm andQo, of direct excitation of the

cade mixing processes are quite efficient, causing the de-and levels were taken according to ddt6]
crease in the metastable and resonance densities to be sific 9P : 9 :
When calculating the rateS;,, and D,,s, one needs to

lar. C e . )
The distribution of the metastable atoms is described quitg'StIrIguISh _the collisions Qf the first and second kmd_s. The
corresponding cross sections were taken from RET] in

well. In order to fit the experimental curve for the density of

s, state, the probability of its spontaneous radiation wa§he form

taken to be 2.5 times smaller than that given in the literature. Ry?[U—U

We should note that the relative course of the density of the  q_ () =47af,,——| ——=| (firstkind),
S, state is described well by the theory, but the absolute Usm| U?
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1/2

gm RY’[1 . Ry?[x—1
= 2¢ M _7 | _ 2
Qsn(U) 477a0fsmgs Uor| U (second kind, Qsp(U)—47TaofpS—§p —
wherea, is the radius of the first Bohr orbit, Ry is the Ryd- In{2[x+ (x2+ x) 12— 1/2]}
berg coefficientU = |U,,— U4 is the difference of excita- X IC ,
p

tion energiesgs is the statistical weight of the leve| f,,

are the oscillator strengths that were taken as the following:

f35: f53:00084, f45:f54: 00085, f52:f25: 0.007. The i i

values for other transitions—s were taken equal to 0.001. Where x=U/Us,, oscillator strengths are represented in
The cross sectio, for stepwise excitatiors—p was Table 1, and coefficient€,,, are listed in Table II.

calculated using the formuld 8]
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