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Two-dimensional density distribution of metastable atoms in an inductively coupled plasma in Ar

Masahiro Tadokoro, Hajime Hirata, Nobuhiko Nakano, Zoran Lj. Petrovic´,* and Toshiaki Makabe
Department of Electrical Engineering, Faculty of Science and Technology, Keio University, 3-14-1 Hiyoshi, Yokohama 223-8522

~Received 29 June 1998!

A two-dimensional density distribution of metastables Ar(1s5) ~in Paschen notation! in an inductively
coupled plasma~ICP! reactor in argon, driven by one-turn radio-frequency current coil at 13.56 MHz, has been
investigated by laser absorption spectroscopy. Measurements were made over a pressure range of 15–300
mTorr, and powers between 20 and 400 W. In these conditions, metastable density varied between 131010 and
2.331011 cm23. Even for the the position far from the coil, 140 mm far from the source region, metastable
density remained comparatively high~of the order of 1010 cm23). As the power increases the metastable
density drops down significantly especially for the center of the discharge where the highest electron density is
anticipated. In general, the metastable profiles can be explained by combining the expected profile of efficient
excitation with diffusion and with the radial dependence of the density of the electrons that can quench the
metastable levels by inducing transitions to higher excited states. Therefore we have compared the data for
metastable profiles with the excitation rates for one radiative level with a relatively short lifetime and with the
radial dependence of electron density obtained by using a Langmuir probe.@S1063-651X~98!01612-2#

PACS number~s!: 51.50.1v, 51.101y, 52.25.Fi
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I. INTRODUCTION

Inductively coupled plasma@1# ~ICP! is currently being
used for the manufacturing of microelectronic components
a technique of choice that can provide ultralarge scale i
grated~ULSI! plasma processing for 12-in wafers with su
ficient uniformity. However, details of plasma maintainin
mechanisms are not all known and further work on diagn
tics and modeling of such plasmas is required and is car
out with an aim to improve the next generation of plas
devices. Especially, it has been shown that the metast
molecules play a determining role in the kinetics of IC
@2–4#. This is so because the basic characteristics of
systems is that in the absence of capacitively coupled e
trodes no high field regions develop and conseque
plasma is sustained with mostly low energy electrons. The
fore stepwise processes~in particular ionization!, are of in-
creased importance@5–7#. In addition, it appears that th
kinetics of metastable levels is controlled by electron
duced transitions to radiative levels~quenching! making it
difficult to apply simple tracer techniques, which proved
be useful in the case of argon in capacitively coupled p
mas~CCP’s! @7#.

The aim of this paper is to present our results on la
absorption diagnostics of an argon ICP in order to estab
the density profiles of metastables. For comparison, the
obtained by Langmuir probes and optical emission spect
copy will also be shown.

In our previous papers@2,8,9#, we investigated the spatia
distribution of the net excitation rate in an ICP reactor
argon under a variety of external conditions by utilizin
computer-aided optical-emission tomography. Those res
have shown that the stepwise excitation might be expecte
have an influence on the profile of the plasma. In additi

*Also at Institute of Physics, University of Belgrade P.O.B. 5
11001 Belgrade, Yugoslavia.
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we have studied the azimuthal anisotropies of excitati
space-time resolved excitation in argon@10# and spatial
emission profiles in oxygen ICP@11#. At the same time we
have taken advantage of the simple and symmetric geom
that was used for our experimental system and develope
theoretical description of the ICP that will, thanks to th
simplicity of the symmetry, allow quantitative compariso
with experiment@12,13#.

Under those circumstances, it is important to determ
the spatial distribution of metastables, and to deduce the
fluence of the stepwise excitation by way of metastables
the plasma structure. As has been shown in other syst
and in our studies the metastable density profiles are an
portant test of the theories or input into the theory@4#.

There are numerous studies in the literature of the role
metastables in rf capacitively coupled discharges@7,14,6#.
As for the ICP, metastable densities of buffer gas atoms h
so far only been measured by Hebner@3#. He has performed
a systematic study of spatial profiles of metastable dens
in ICP by a laser absorption technique, using a Ti sapph
laser. His ICP had a planar five turn coil geometry. Th
author obtained line integrated profiles that were in one c
Abel inverted to give the radial metastable number den
profile with a maximum of 1.331011 cm23. In this work
other 1s levels were studied as well with the densities
1s2 , 1s3 , and 1s4 being a factor of 5–8 lower than th
density of the 1s5 state and all increased with power up to
certain point~100 W!, where saturation occured, while th
density of the 1s5 state did not increase with power.

However, the geometry of field distribution for the fla
coil ICP is complex and radial distributions of metastab
densities have not been measured in sufficient detail requ
by the modeling. Having this in mind, as well as the requi
ment of producing data specifically for the geometry of o
experiment that is open for a quantitative comparison wit
relatively simple theory, we believe that the present work
fully warranted. Related studies on ICP and rf discharges
general, which take advantage of laser absorption spec

,
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copy and laser induced fluorescence, include studies of
profiles of metastable ions@15#, laser absorption diagnostic
of high-pressure ICP’s for plasma light sources@16#, mea-
surements of time resolved sheath fields by the laser indu
fluorescence@17#, argon metastable densities in dc glow a
magnetron discharges@18,19#, laser collision induced fluo-
rescence measurement of electron number density@20#, and
applications of laser induced fluorescence as a diagno
tool in general@21#.

II. EXPERIMENT AND PROCEDURE

The basic reaction chamber and the procedure for m
taining the plasma~see Fig. 1! are the same as used in o
earlier studies of ICP@2,8#. The chamber is made of a quar
cylinder 10 cm in diameter and 20 cm high. The system
powered by a 13.56-MHz rf generator, supplying through
matching box a single turn coil, fitted closely to the qua
tube on the outside. Power to the ICP, including the mat
ing network, is measured by an in-line wattmeter. Peak
peak values of the radio-frequency~rf! voltage to the coil
(Vp2p) and currents close to the powered and the gro
terminals (I p2p) are monitored by a set of voltage and cu
rent probes.

We have used the gas flow of 100 sccm~standard cubic
centimeter per minute! of high-purity argon. Constant pres
sure was maintained by a system of pumps and leak va
and measurements were performed at pressures betwee
and 300 mTorr. Gas is introduced at the top of the cham
and pumped out symmetrically at the bottom of an additio
extension, eight-sided chamber~that serves the purpose fo
positioning the wafer for remote plasma processing! attached
to the quartz cylinder. The pumping terminals are far fro
the coil region~16 cm! assuring uniform and symmetric flow
of the gas through the coil region.

The line emission from the excited argon 3p5 state ~in
Paschen notation! was used in this paper for compariso
with laser absorption data. The optical detector was moun
on a hand of a computer-controlled, industrial, four-axis
bot @2# that was able to provide enough flexibility to allo
application of the computer aided tomography@9#. Absolute
calibration of the measured spectrally resolved signal
lowed us to determine excited state densities as a functio
radial position and in this paper we use such profiles to r
resent the distribution of the radiative states. The comp
procedure as well as the analysis were the same as in
previous papers@2,8,9# so we shall give no further details
The Langmuir probe measurements were also described
lier @8#.

A. Experimental setup and analysis for the
laser absorption measurements

The laser source is a solid state diode laser operating
single mode~New Focus-6200! from 769 to 790 nm. The
laser was found to be very stable over long periods of tim
much longer than the duration of one measurement. The
ser was mounted on a translational stage and allowed to
along the diameter of the ICP at different distances from
coil (z). In Fig. 1~a! we show a schematic diagram of th
experimental setup for laser absorption measurements.
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The Si laser detector~Coherent-LM-2! was used to detec
the intensity of the laser light. The active region of the d
tector was large enough to minimize any instabilities of t
signal due to vibration of both the detector and the laser
spectral bandpass filter (Dl510 nm) and a slit were place
in front of the Si detector to reduce the emission from t
plasma. The dimension of the laser beam is limited by
spatial resolution to 132 mm. In addition it proved neces
sary to attenuate the intensity of the laser light by neu
density filters down to the level of 2mW cm22 in order to
avoid saturation of the signal and perturbation of plasm
The laser line width~5 MHz! is much narrower than the line

FIG. 1. Schematic diagram of the experimental apparatus,~a!
the top view and~b! side view of the ICP reactor, and~c! typical
recorded line profile.
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profile so it is not necessary to perform deconvolution of
profile.

The detector and filters were mounted on the same ro
that was used for the optical emission scans@2,8,9#. For each
position of the laser the position of the detector was adjus
to obtain the maximum signal. The spectral region was fi
selected manually in the region of the desired absorp
line. Then the wavelength of the laser was modulated b
sawtooth signal fed into the controller providing the wav
length scans of the order of 0.015 nm. The scan was
tended sufficiently to cover beyond the entire line in order
obtain accurately the background for line profile determi
tion. The emission from plasma entering the detector w
subtracted by using a chopper for the laser light. One s
scan is shown in Fig. 1~c!.

The laser was tuned to the 772.38 nm line correspond
to the 1s5-2p7 transition, which was used to establish t
densities of the lower metastable state 1s5 . The laser absorp
tion signal obtained at one position is a line integral acr
the plasma. Measurements were performed over the ra
0<x<52 mm and the Abel inversion technique for the a
sorption signals is employed in the same way as used for
emission signals@2,8# to determine the radial dependence
the metastable atoms. Two different techniques were use
reconstruct the radial profile, the first was a direct numer
application of the Abel inversion procedure@2# and the other
consisted of doing the inversion without the numerical d
ferentiation. The procedures were tested on a given test
file and were shown to give excellent and almost identi
results, certainly within the experimental uncertainty.

The absorption signalI (l) observed at one pointx is an
integral over the length of the plasma at that point~l! @see
Fig. 1~c!#:

I ~l!5I 0expS 2E l

k~l!dyD , ~1!

wherek(l) is the spectrally resolved absorption coefficie
The integral over the line profile gives

A~x!5E S E l

k~l!dyDdl5E lnS I 0

I total2I plasma
Ddl.

~2!

Finally, after performing the Abel inversion ofA(x) to A(r )
the radial profile of the metastables is obtained from

n* ~r !5A~r !S l
pe2l0

2

mc2
f D 21

, ~3!

where f is the oscillator strength,l0 is the transition wave-
length, and other quantities have the standard meaning.

We have carried out measurements of both emission
absorption at different distances from the coil~z! @see Fig.
1~b!#, the closest that we could approach it wasz55 mm
from its center. Apart from covering the range of appro
mately 50 mm on both sides of the coil we have also m
measurements atz5140 mm far from the coil in one direc
tion. This measurement was made inside the octagonal
iliary chamber attached to the ICP reactor for the purpos
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studying the remote processing. The probe measurem
were performed close to the coil as well, corresponding
z55 mm.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Measurements of the density distribution of metastab
Ar(1s5) were made over a pressure range of 15–300 mT
and powers between 20 and 400 W. Normally the flow r
of 100 sccm was used. We should also note that meas
ments were also performed for the other low metastable s
1s3 and the radial profiles were generally of the same sh
as for 1s5 but the magnitude of the number density was up
a factor of 10 lower. This can be expected on the basis of
available quenching and cascading coefficients and is
agreement with the findings of Hebner@3,5#.

A. Pressure dependence of the metastable density

The Abel inverted 2D profiles of metastable atom dens
are shown in Fig. 2. The profiles were recorded as a func
of radial position ~r! and the distance from the coil (z).
Maximum density of metastables is reached for the low
pressure covered here~15 mTorr! and the densities up to
2.331011 cm23 are observed. At the highest pressure of 3
mTorr the maximum density is a factor of 4 lower but th
mean density is even a factor of 10 lower. This is due t
much sharper profile at higher pressures. The radial dep
dencies observed here cannot be explained on the bas
simple ‘‘diffusion versus production determined profile’’ a
guments@22#.

First, we should bear in mind that electrons required
excite metastables must have more than 11 eV of ene
The mean free path of electrons at 300 mTorr is short
they gain such energy only in the region of a high azimut
field. On the other hand, electron induced collisional quen
ing proceeds by coupling the metastables to one of the ra
tive states, and energies as small as 0.1 eV are required
that process@5#. Thus in the region of the center of the di
charge where high field is shielded by plasma, low-ene
electrons efficiently quench the metastables while there is
production due to their low energy. At low pressures ele
trons may have long mean free paths, sufficient for the ‘‘no
local’’ approximation to be valid@23#. Under those condi-
tions electrons carry high energy obtained from t
azimuthal field all the way to the center of the discharge a
consequently production extends over the entire radius
may even have a maximum atr 50 @23#. One can see at the
lowest pressures that the metastable profile close to the
still maintains a caldera shaped profile indicating that o
conditions still correspond to the maximum excitation clo
to the walls @2,8,9#. Further from the coil the production
weakens but is nevertheless significant. At such low pr
sures diffusion of the metastables may also contribute
nificantly to the shape of the radial dependence of the m
stable density. At high pressures the caldera profile
dominant even away from the coil. Another important fe
ture is that the density of metastables may be constan
even increase at highz, especially forr 50 ~see Fig. 2!. This
is due to decreasing electron quenching as one moves a
from the plane of the coil.
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FIG. 2. Pressure dependence on two-dimensional spatial density distribution of the metastable (1s5) for the ICP in pure argon for 100
sccm, 100 W,~a! 300 mTorr,~b! 100 mTorr,~c! 50 mTorr, and~d! 15 mTorr.
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B. Power dependence of the metastable density

In Fig. 3 we show radial density distribution of met
stables close to the coil plane (z55 mm), as a function of
power for two different pressures of 15 mTorr@Fig. 3~a!# and
300 mTorr@Fig. 3~b!#. Even for the lowest power of 20 W
the highest density of metastables has been reached. In
case the profile is broad.

FIG. 3. Power dependence on radial density distribution of
metastable Ar(1s5) for the ICP in pure argon for 100 sccm, z5 5
mm, ~a! 300 mTorr,~b! 15 mTorr.
his

The increase of the power brings the reduction of
density first in the center and then gradually towards
walls. This is more pronounced as the pressure increase
300 mTorr@Fig. 3~a!# at 400 W there is a sharp and narro
profile in the region of the expected high production r
close to the walls. The maximum of profile remains alm
constant, regardless of the power, at the value of appr
mately 631010 cm23, only the position of the maximum
slowly approaches the wall.

At 15 mTorr the behavior is somewhat different@Fig.
3~b!#. The profiles at the two lowest powers are almost id
tical. At the higher power of those two a maximum develo
close to the walls but the overall value around 2
31010 cm23 is achieved throughout the entire profile. A
the power increases the mean density drops almost line
both in the bulk of distribution and close to the wall. Grad
ally the peak close to the wall becomes more pronounce
the power increases. The position of the peak approache
wall with the increasing power, the same as in the hi
pressure situation.

The observed profiles may be understood on the bas
the following argument. For the higher pressure the exc
tion extends over the region of high azimuthal field. The fi
is shielded from the center of the discharge by the high c
centration of charged particles. Increased power increase
density of charged particles, and the transition region wh
the azimuthal field may give energy to electrons is limited
the narrower and narrower region close to the walls. T
field profile also has to be convoluted with the radial dep
dence of the electron number density, which is almost c
stant for this pressure~see Fig. 4!.

At the lowest pressure covered here the azimuthal fi
does not extend deep into the discharge but as mentio
above electrons have long mean free paths and carry the
energy to the center. There are two possible explanation
the radial dependencies of metastable densities obtaine

e
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low pressure. The first is that the caldera shaped profile
flects the radial profile of electrons~see Fig. 4! where elec-
tron number density drops down rapidly forr .32 mm thus
allowing the metastable maximum to occur at around
mm. The second is that the pressure is still sufficiently h
to allow two different groups of electrons with different e
ergies, one in the bulk and one in the azimuthal field reg
whereby the latter group, though with lower density, m
have very high excitation rates due to the higher energy. T
effect would have to be combined with the effect of electr
induced quenching of metastables. The Monte Carlo sim
tions that are being performed will try to resolve which
the two possibilities is correct.

C. Comparison of the spatial profiles of radiative
and metastable states

Comparison of radial profiles of metastables and radia
states can provide some general conclusions on the sig
cance of the different loss processes. The effect of step
processes and of electron induced quenching on the pla
structure may be observed even better by comparing the
tial distribution of the metastable 1s5 with that of the excited
state 3p5 for different powers as shown in Fig. 5 and Fig.
The data for two different pressures are shown, 15 mTor
Fig. 5 and 300 mTorr in Fig. 6. Measurements were taken
different distances from the coilz55, 25 and 45 mm.

When we consider the effect of stepwise process
plasma structure, we should especially give attention to
region where few high energy electrons exist, i.e., the ce
of the plasma. As shown in Figs. 5~a! and 5~b!, at z
55 mm, i.e., the region near the coil, the number density
the excited state increases by a factor of 1.5 with pow
while it increases by a factor of 2.0 at z5 45 mm. This is in
contradiction to what may be expected if direct excitati
dominates. On the other hand, as shown in Figs. 5~c! and
5~d!, the number density of the metastables significantly
creases near the coil (z55 mm) as power increases, but
changes much less in the region far from the coilz
545 mm). In the region near the coil, the electron dens
increases with power. However, far from coil the increase
electron density with power may be expected only at l
pressures where mean free paths are sufficiently long.
relative increase of the radiative excited state number den

FIG. 4. Spatial density distribution of electrons in ICP in arg
by using the Langmuir probe for 100 sccm, 100 W, andz
55 mm.
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with power that is lower near the coil than far from the co
implies a reduced stepwise excitation due to metastable e
tron induced quenching. These results show that the pla
structure is affected by the spatial distribution of the me

FIG. 5. Spatial density distribution of the excited state Ar(3p5)
@~a! and~b!# and the metastable Ar(1s5) @~c! and~d!# in the ICP in
argon. The distance from the coil is 5 mm, 25 mm, and 45 mm. T
pressure is 15 mTorr. The power in~a! and~c! is 100 W, and in~b!
and ~d! is 400 W.

FIG. 6. Spatial density distribution of the excited state Ar(3p5)
@~a! and~b!# and the metastable Ar(1s5) @~c! and~d!# in the ICP in
argon. The distance from the coil is 5 mm, 25 mm, and 45 mm. T
pressure is 300 mTorr. The power in~a! and~c! is 100 W, and in~b!
and ~d! is 400 W.
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stables even at lower pressure.
At the higher pressure of 300 mTorr~see Fig. 6! the high-

energy electrons are less abundant over the entire ra
Thus the excitation process should more significantly dep
on the stepwise processes by way of metastables. At
lower pressure~see Fig. 5! the number density of excite
states increases with power over the entire radius e
though metastable density decreases by almost a factor
At the higher pressure the density of excited 3p5 states re-
mains unaffected by the increase of power in the cente
the discharge. The significant increase occurs close to
walls @Figs. 6~a! and 6~b!# As the density of metastables ne
the center also decreases almost by a factor of 2@see Fig.
6~c!# with the increase of power, this implies a more pr
nounced stepwise excitation at the higher pressure. Clos
the walls there is a small increase of the metastable den
of the order of 10–20 %@see Fig. 6~d!# and consequently in
this region the excited state density of 3p5 increases signifi-
cantly with power.

D. Axial profile of metastables

Finally we show in Fig. 7, the axial density distribution
the metastable 1s5 . Pressure was varied between 15 and 3
mTorr, while power was fixed at 400 W. The number dens
in Fig. 7 shows the mean density on the line through
origin (r 50 mm), andz corresponds to the distance fro
the coil. The coordinatez52140 mm is the position, where
the target is usually placed for remote processing, far fr
the plasma source. Unfortunately it was not possible to p
form measurements in the gap betweenz52140 mm and
z5255 mm due to obstructions from the flanges and wa
of the chamber supporting the quartz cylinder.

At all pressures high metastable densities~an order of
1010 cm23) were obtained even atz52140 mm. At this
distance from the coil, where electrons are not expected t
present in significant numbers, only the diffusion of me
stables in addition to the gas flow, can produce a signific
population. At 15 mTorr the number density of the me
stable linearly decreases while at the highest pressure of
mTorr it is almost constant. Loss of electrons due to elect
induced quenching that dominates in the region of the
will not affect the metastable density away from the coil.

FIG. 7. Mean density distribution of the metastable Ar(1s5) in
ICP in argon for 100 sccm and 400 W as a function of pressur
us.
d

he

n
2.

of
he

-
to

ity

0
y
e

r-

s

be
-
nt
-
00
n
il

At 15 mTorr an asymmetry in respect toz50 mm can be
seen. It is considered that this asymmetry is caused by
asymmetry in the axial profile of electron number densi
Above the coil, there is a quartz wall at 95 mm above t
coil. On the other hand, a distinct boundary in the axial
rection exists only at 160 mm under the coil. Thus the d
sity of electrons is not perfectly symmetric in respect to t
z50 plane giving rise to the profile that is slightly asymme
ric especially at a distance of the order ofz540 mm away
from the coil. Another possible explanation for the increa
of metastable density near the top wall of the system may
due to reflection from the surface.

When observing these profiles we must bear in mind t
we have plotted the density at the center of the discha
only. If the radial distribution of the metastables is qu
pronounced as is the case at 300 mTorr the diffusion w
merge these metastables from the region close to the
into the central region at sufficiently large distances, es
cially when the loss due to electron induced quenching
minishes. Thus the axial dependence at high pressures
flects also the flux of numerous metastables from the reg
close to the walls near the coil where significant product
occurs. Thus its variation withz may be less pronounced. A
low pressures the radial profile is almost constant.

IV. CONCLUSION

In this paper we have shown measurements of the m
stable atom densities as a function of radial position in
single-coil ICP operating at 13.56 MHz. The results we
presented as a function of distance from the coil, power,
pressure. One general feature is that the spatial profiles o
metastables that were observed are markedly different f
the profiles of radiative states such as the 3p5 state. The
differences come basically from the importance of the el
tron induced quenching in combination with a possible st
wise excitation of the higher radiative state. As a result of
electron induced quenching an increase in power does
necessarily increase the density of metastables, in fact, m
often than not it decreases it. In addition there are two d
tinct regions with different behavior. In the center of th
discharge where production is small, the effect of increa
electron density is large and decrease of the metastable
sity with increasing power is strong. In the region close
the walls where significant electron heating occurs, the ef
of increasing power is small; usually the peak value is
affected. This means that the number density of electro
which may increase in this region as the power goes up,
be outweighed by the increased mean energy and there
increased production rate. At lower pressures the distinc
between the two regions is smaller or lost completely a
here the decrease of the density with power occurs throu
out the entire radius of the discharge.

Comparison of the radial dependencies of radiative a
metastable state number densities gives information on
relative importance of stepwise excitation~and consequently
ionization!. Thus at higher pressures the stepwise effec
much more important and the power dependence of the d
sity of the 3p5 state is weak due to the loss of metastables
increased electron quenching.

We should also note that the axial profiles of the me
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stable density taken far from the coil have a high value e
140 mm from the coil. This is promising, since such profi
may be used as models for the transport of reactive radic
The axial profiles are worthy of further analysis especia
having in mind the value of the sticking and reflection co
ficients for the particular particle and, also, studies at hig
flow rates are also warranted.

Our data are in general agreement with the results of H
ner@3#. We both observe that the 1s5 state has a much highe
density than 1s3 . In addition, the power dependence w
similar for the dominant metastable state and, also, Heb
finds a different spatial profile of the radiative 1s states.
Spatial profiles cannot be easily compared due to a diffe
geometry of the discharge and different overall conditio
such as degree of anisotropy and axial dependence o
fields. In our case the studies that have been performed
a more systematic coverage of factors relevant for the c
ditions of our experiment and requirements of the theo
Our study was more directly aimed at analyzing the effec
metastables in stepwise processes and therefore mor
rectly compared to the excitation profiles for radiative stat
The spatial resolution in our system is higher and in all ca
the data were converted to the metastable densities ra
than line integrals.

In comparison between ICP and CCP the fact that
absolute densities of metastables are similar or only slig
higher in ICP may be misleading.@7# The kinetics of meta-
stables is completely different. The two order of magnitu
higher electron density in ICP gives a much higher prod
tion rates and also the loss rates. Other loss processe
ol

ro

ng
th

th

c.
er

.

n

ls.

-
r

b-

er

nt
s
he
ve
n-
.
f
di-

s.
s
er

e
ly

e
-
are

small compared to electron induced quenching. For exam
adding small amounts of molecular gases would have
influence on the density of metastables in ICP because r
nant excitation transfer would be a small loss process
compared to electron quenching@7#. At the same time the
stepwise processes are much more important and it is
sible to sustain the discharge even in the absence of the v
high-energy electrons. Of course this argument is less ap
cable at lower pressures.

Finally we stress once more the need for comparison
absolute experimental data with accurate models as a ne
sary step in the development of detailed computer codes
quired for plasma processing tool development, i.e.,
‘‘virtual factory’’ @24#. In general our experimental resul
agree with the basic results of the theory@4# but further ad-
justments to the model are required before exact quantita
comparisons may be performed.
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