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Probe diagnostics of high pressure microwave discharge in helium
M. R. Talukder, D. Korzec,a) and M. Kandob)

Graduate School of Electronic Science and Technology, Shizuoka University, 3-5-1 Johoku,
Hamamatsu 432-8011, Japan

~Received 4 September 2001; accepted for publication 21 March 2002!

A method for the determination of electron temperature and plasma density in high pressure helium
plasmas is established using numerical results of the continuum probe model by Cohen@Phys.
Fluids 6, 1492 ~1963!#. Simple algebraic functions are derived to approximate the probe
characteristics of high pressure plasmas calculated by Cohen and are applied to use iterative
procedures for the determination of plasma parameters. The proposed fitting technique has allowed
one to obtain reasonable plasma parameters even for the probe characteristics strongly affected by
large secondary electron emission currents from the probe. Fitting of the ion saturation current may
possibly be used to estimate the ion temperature, provided that the electron temperature and plasma
density are known. Finally high pressure helium microwave discharges have been produced by
moderate microwave power of 400 W and investigated by the present method. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1478801#
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I. INTRODUCTION

High pressure microwave excited nonthermal plasm
are of increasing interest for reactive plasma processin1–5

because the gas flow rate can be reduced, power transf
plasmas becomes more effective, and contamination from
electrode and chamber wall is suppressed. Moreover, it
ables one to produce a large amount of reactive species
ions, excited atoms, and free radicals. Therefore high p
sure discharges have been applied to UV light sources,
discharge lasers, and ozone production for water or
purification.5

For plasma source design and discharge performance
timization, sufficient knowledge of plasma parameters a
their spatiotemporal behaviors are required. The Langm
probe is a most commonly used diagnostic tool to determ
the plasma parameters because it can provide local pla
properties which are difficult to determine by other diagn
tic techniques. In order to analyze the measured probe c
acteristics under certain experimental conditions, it is imp
tant to establish a proper theoretical model, which perm
one to provide reliable plasma parameters.

Several theoretical models of collisional plasmas6–13

have been investigated for probe diagnostics. Zakrzew
et al.11 considered the condition thatDl<3, whereRp , lD ,
and Dl5Rp /lD are the probe radius, Debye length, a
Debye ratio, respectively. This theory is restricted only to
few collisions in the sheath. Schulzet al.12 derived a model
for positive ion saturation current by taking the directed c
rent at the sheath edge into account. They considered di
ent conditions of collisions in the sheath, from no collision
many collisions in the pressure range up to 8 Torr. Th
found that at pressures up to 6 Torr, the measured ion

a!Microstructure Research Center-fmt, University of Wuppertal, Rain
Gruenter-Strasse 10, 42119 Wuppertal, Germany.
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rents were about two times larger than those predicted
their theory. This discrepancy has been attributed to the e
trons emitted from the probe surface due to the interac
with the metastable atoms.

Zakharovaet al.,9 Boyd,13 and Kaganet al.14 mentioned
the effect of electron emission from the probe induced by
interaction with the positive ions, metastable atoms, and p
tons, which can lead to an overestimation of the ion curr
at negative probe potentials. Zakharovaet al.9 presented an
approximate model in the pressure range up to 20 Torr.
der their investigated conditions, they found that the effec
secondary electron emission due to metastable atoms on
probe current was not significant because of low metasta
atom density around 1012 cm23. The effect of photocurren
on the probe current under their experimental conditions w
insignificant because the excited atom density and the ph
mean free path are reduced with increasing pressure.
secondary electron emission coefficient by the bombardm
of ions with energies lower than 100 eV are small, e.g., ty
cally from 1022 to 1021 under their experimental conditions
Therefore the contribution due to this process is negligib

Several theoretical continuum models15–28have been de-
veloped for the application to the plasmas in the press
range where the conditions ofle!lD!Rp are fulfilled,
where le is the mean free path of electrons. Most of t
theories mentioned above do not fulfill our experimen
conditions except that of Suet al.24 and Cohen.25 Su et al.
considered such cases where the electron densityNe is suf-
ficiently high and where both ions and electrons make
merous collisions with the neutral particles before being c
lected by the probe. Under such conditions, they found t
the sheath thickness became comparable toRp for highly
negative probe potentials and then calculated the probe c
acteristics for differentDl . Cohen25 used the same theore
ical model as proposed by Suet al.,24 assuming thatle and
the ion mean free pathl1 are shorter than the sheath thic
ness. All data points presented in this work fulfill this cond

-

9 © 2002 American Institute of Physics
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9530 J. Appl. Phys., Vol. 91, No. 12, 15 June 2002 Talukder, Korzec, and Kando
tion, as shown in Fig. 1. Cohen presented numerically ca
lated probe characteristics in graphical form for the selec
Dl as a parameter. He found that the probe characteris
never saturate even at largeVp although they tend more
nearly to saturate asDl becomes larger due to the influen
of the probe potential which extends far beyond the sp
charge sheath. When the probe collects current, the p
potential decays only withDl

21 at a long distance from the
probe. This indicates that the Debye shielding in the sp
charge sheath is incomplete. The expression of the res
however, is not convenient for the determination of elect
temperatureTe from a practical probe characteristic. For th
reason, the present work is aimed at developing a way
can provide the plasma parameters directly for anyDl from
50 to 1600 and for anyt5T1 /Te from 0 to 1 using dis-
cretized Cohen’s results, whereT1 is the ion temperature.

II. HIGH PRESSURE PROBE THEORY

In this section the probe theory for high pressure plas
will be briefly reviewed for the sake of better understandin
Whenle andl1 are much smaller thanRp , the motion of
the particles can be described by the collision domina
processes of diffusion and drift. Suet al.considered a spheri
cal probe in high density high pressure plasmas in the c
that the probe is biased with a highly negative potential w
respect tof. In this case the Maxwell-Boltzmann distribu
tion is assumed for electrons. Furthermore they conside
the case oflD,Rp andT1,Te . They found that for small
lD , the quasi-neutral solution breaks down near the pr
surface, forming an ion sheath in front of the probe. In or
to satisfy the condition ofNe5N150 at the probe surface,
very thin ion diffusion layer should appear within the io
sheath whent is small. Cohen assumed that the plasma d
sity is sufficiently high and that ions and electrons ma
many collisions with the neutral particles before being c
lected by the probe, taking into account only elastic co
sions, allowing one to use simplified continuity equatio
without source terms. But in reality many different proces
can occur within the ion sheath, which cause the genera
of ions. For example, collisions between two metastable
lium atoms result in two-step processes in the production

FIG. 1. Electron and neutral particle density ranges considered in this w
The lines indicate the collision-dominated sheath limit, whereNg andTg are
the neutral density and temperature, respectively.
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an ion and a fast electron. Conditions for which large curr
due to secondary electrons flows through the sheath, the
rect impact ionization of neutrals, stepwise ionization
metastable species, or even three-body recombination of
and electrons can be considered. But the contribution
these effects to the total ion flux at moderate negative po
tial of the probe is small as compared to the ion flux e
tracted from the bulk plasma. However, Cohen concentra
the analysis of the probe characteristics to the case ofVp

<f. He solved the macroscopic particle flux equations
applying Einstein’s relation together with Boltzmann’s m
ment equations and Poisson’s equation in order to determ
the spatial profiles ofNe and f, under the assumption tha
the diffusion coefficientsDe,1 , mobility me,1 of electrons
and ions, andTe,1 are constant over the space and thatle

andl1 are smaller than the sheath thickness.
Hereafter, the nondimensional probe potentialwp is in-

troduced for simplicity

wp52
e~f2Vp!

kTe
, ~1!

wheree andk are the electronic charge and Boltzmann co
stant, respectively. One-dimensional solutions24 of continuity
equations and Poisson’s equation for the spherical prob
wp50 are given by

Ne~r !5NoS 12
I e

4pNoeDe

1

r D , ~2a!

N1~r !5NoS 12
I 1

4pNoeD1

1

r D , ~2b!

whereDe,1 can be obtained as a function ofTe andT1 from
the data of gas discharges available in the literature
Brown29 using the Einstein’s relation

De,15
kTe,1

e
me,1 , ~3!

and I e and I 1 are the electron and ion currents collected
the probe atwp50 and No is Ne and N1 at r 5`, i.e.,
Ne(`)5N1(`)5No .

In Eq. ~2a!, I e at wp50 should be equal to the random
electron currentI eR. It is reasonable to assumeN15Ne

50 at the probe surface. ThereforeI eR can be derived from
Eq. ~2a! as

I eR54pRpeNoDe ~4!

with

De5
1

3
lene,th , le5

1

Nosc,e
, ne,th5A8kTe

pme
, ~5!

wherene,th , me , andsc,e are the thermal velocity, mass, an
total collision cross section of electrons, respectively. T
random electron flux per unit probe surface areaGeR can be
written as

GeR5
I eR

4pRp
2e

5
None,th

4 S 4

3

le

Rp
D . ~6!

k.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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It should be noted thatGeR is reduced by a factor of 4le/3Rp

as compared to the case where collisions are absent in
sheath region.

Numerical results calculated by Cohen give the relatio
betweenI e or I 1 andVp in graphical form for the selecte
values ofDl as a parameter. It is noted that the analyti
formulas for the probe characteristics are not available
Cohen’s analysis. However, to determine the plasma par
eters from the measured probe characteristics, formulas
pressing the probe characteristics for an arbitraryDl are re-
quired. In the present paper, we have developed a me
which provides a set of algebraic formulas obtained by fitt
the graphically presented results by Cohen with the modi
Boltzmann function. From Eq.~6!, I eR is rewritten as

I eR5eSGeR5 4
3pRpeNolene,th , ~7!

whereS54pRp
2 is the surface area of the spherical prob

The value ofI e for an arbitrarywp can be presumably ex
pressed by introducing a functionI en(wp ,Dl) as follows:

I e5I eRI en~wp ,Dl!. ~8!

Generally speaking, the probe currentI p consists ofI 1 ,
I e and the currentI em caused by the secondary electro
emitted from the probe. In high pressure high density pl
mas, a large amount of secondary electrons30 can be emitted
from the probe due to the potential emission~Auger neutral-
ization of ions or Auger deexcitation of metastable atoms!. In
such a case,I p is modified to

I p5I e2I 12I em. ~9!

With decreasing pressure, the contribution ofI em to I p

decreases because of increasing wall losses of metas
atoms. At pressures lower than 100 Torr,I 1 is already much
higher thanI em. Therefore Eq.~9! reduces to

I p5I e2I 1 . ~10!

In this case,N1(`) can be determined independently fro
Ne(`) using the ion branch of the probe characteristics.
this purpose, an expression forI 1 is needed. Again the re
sults of Cohen’s analysis can be applied. The useful exp
sions to estimateN1(`) can be derived by the same proc
dure as that for electrons,

I 1R54pNoeD1RP5 4
3pRpeNol1n1,th , ~11!

G1R5
I 1R

4pRP
2e

5
Non1,th

4 S 4

3

l1

Rp
D , ~12!

with

D15
1

3
l1n1,th , l15

1

Nosc,1
, n1,th5A8kT1

pm1
,

~13!

whereI 1R andG1R are the ion random current to the prob
and the ion random flux per unit probe surface area andm1 ,
sc,1 , and n1,th are the mass, collision cross section, a
thermal velocity of ions, respectively. AgainG1R is reduced
by a factor of 4l1/3Rp as compared to the case of no col
sion in the sheath region.
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The ion currentI 1 for an arbitrarywp is presumed as

I 15I 1Rt21I 1n~wp ,t,Dl!, ~14!

where I 1n(wp ,t,Dl) is a function which should be deter
mined based on Cohen’s analysis.

III. DERIVATION OF ALGEBRAIC EQUATIONS

A. Electron current

As is well known, plasmas at high pressures can ea
tend to thermal equilibrium state within a very short tim
after the onset of the discharge so that it is worthwhile
deduceI en(wp ,Dl) under the condition oft51. However,
several methods to keep high pressure microwave or rf p
mas in nonthermal equilibrium state have been establis
since such plasmas are of great advantages to industrial
ThereforeI en(wp ,Dl) is approximated fort from 0 to 1 to
analyze the probe characteristics measured in high pres
plasmas.

According to Cohen’s calculation, the relation ofI en and
wp does not depend ont at all. At first, I en(wp ,Dl) is de-
duced using the numerical probe characteristics
t51 given by Cohen. It is assured to extendI en for the
values oft different from 1. The marks in Fig. 2 show th
relation betweenI en andwp numerically calculated by Cohe
under the condition oft51 for selectedDl . In the present
work an algebraic equationI en(wp ,Dl) best fitted to Co-
hen’s results is deduced by modifying the Boltzmann fun
tion. After somewhat tedious considerations concerned w
the dependence ofI en on wp , I en(wp ,Dl) is empirically
presumed as

I en~wp ,Dl!5

A1 expH wp2A2~Dl!

A3~Dl! J
11expH wp2A2~Dl!

A3~Dl! J . ~15!

Figure 2 shows that the solid curves calculated by Eq.~15! fit
well with Cohen’s data for eachDl by adjusting the values
of A1 , A2 , andA3 for t51. Table I summarizes the depen
dence ofA1 , A2 , and A3 on Dl . However, at the presen
situation, the values ofA1 , A2 , andA3 can be applied only
for six values ofDl used for fitting. In the practical use,A1 ,

FIG. 2. Fitting of the normalized electron currentI en against the normalized
probe potentialwp for t51.0. Data shown by the marks have been collec
from Ref. 26.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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A2 , andA3 should be given as a function ofDl . HenceA1 ,
A2 , andA3 can be approximated by the rational function
Dl , respectively, as

A1~Dl!5
2.55114.16531022Dl

112.01131022Dl
, ~16a!

A2~Dl!5
0.83511.2931023Dl

116.3631023Dl
, ~16b!

and

A3~Dl!5
2.10411.10731022Dl

113.5931023Dl
. ~16c!

For reference, the fitted curves ofA1(Dl), A2(Dl), and
A3(Dl) are shown in Fig. 3. Using Eq.~15! along with Eq.
~16!, one can easily fitI en(wp ,Dl) to any Dl from 50 to
1600.

B. Ion current

Contrary toI en , I 1n given by Cohen strongly depend
on t so that the fitting equations are deduced with respec
t from 0.001 to 1.0 for the convenience of probe data ana
sis. The dependence ofI 1n(wp ,t,Dl) on wp , t, and Dl

given by Cohen’s numerical results suggests the follow
fitting function based on the modified Boltzmann function.
this case,I 1n(wp ,t,Dl) is made applicable not only to an
Dl from 50 to 1600 but to anyt from 0.001 to 1.0. In the
way similar toI en(wp ,Dl), I 1n(wp ,t,Dl) can be presumed
empirically as

TABLE I. Dependence ofA1 , A2 , andA3 on Dl for t51.

Dl A1 A2 A3

50 2.311 16 0.6857 2.228 86
100 2.229 47 0.583 65 2.391 33
200 2.165 97 0.476 41 2.533 89
400 2.1281 0.387 42 2.654 62
800 2.098 16 0.313 72 2.811 58
1600 2.084 58 0.251 89 2.958 14

FIG. 3. Fitting ofA1 , A2 , andA3 to Dl for t51.0.
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I 1n~wp ,t,Dl!

5t21FB2~Dl!C~t!1
$B1~Dl!2B2~Dl!%

11expS wp2B3~Dl!

2.8368 D G . ~17!

The symbols in Fig. 4 show Cohen’s result fort51 and the
solid curves best fitted to the symbols. The parame
B1(Dl), B2(Dl), and B3(Dl) are obtained in such a wa
that I 1n2wp curves are best fitted to Cohen’s numerical
sults and are summarized in Table II for differentDl . Now
B1(Dl), B2(Dl), andB3(Dl) can be approximated by th
following rational functions, respectively, as

B1~Dl!5
22.7092227.0831023Dl

1113.5531023Dl
, ~18a!

B2~Dl!5
0.125513.0031024Dl

112.2931023Dl
, ~18b!

and

B3~Dl!5
24.964921.3931023Dl

1110.12431022Dl
. ~18c!

Figure 5 shows the curves forB1(Dl), B2(Dl), andB3(Dl)
for reference. Figure 6 shows Cohen’s results atDl5800 for
different t by the symbols, together with the solid curve
obtained using Eq.~17! in which C(t) is adjusted to get bes
fitting. Table III summarizes the dependence ofC(t) on t.
However, at the present situation, Eq.~17! is applicable only

FIG. 4. Fitting of the normalized ion currentI 1n against the normalized
probe potentialwp . Data shown by the marks have been collected from R
26 for t51.0.

TABLE II. Dependence ofB1 , B2 , andB3 on Dl for t51.

Dl B1 B2 B3

50 22.424 89 0.112 66 20.830 48
100 22.294 96 0.099 27 20.456 98
200 22.190 45 0.0775 20.256 64
400 22.113 61 0.058 89 20.1222
800 22.067 54 0.038 79 20.064 28
1600 22.201 06 0.012 57 20.056 58
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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for eight values oft. But for practical use, Eq.~17! should
also be given as a function oft. HenceC(t) can be approxi-
mated by the following linear function as

C~t!528.47228.164t. ~18d!

For example, the line best fitted toC(t) is shown in Fig. 7.
Now, using Eq. ~17! along with Eq. ~18!, one can fit
I 1n(wp ,t,Dl) for any Dl from 50 to 1600 and for anyt
from 0.001 to 1. It is noted that the curves shown in Fig. 5
not fit well in the higher positive potential region. Howeve
this region is not important under the present experime
conditions. Now, utilizing Eq.~14! together with Eq.~17!
under the assumed conditions, one can analyze the p
characteristics obtained in high pressure plasmas.

C. Secondary electron emission from the probe
surface

Generally, a probe can emit secondary electrons du
electron or ion impact, and photoemission or emission du
deexcitation of metastable atoms. When the probe is bia
with highly negative potentials, emission by electron imp
should be negligible. At high pressures when the probe
ameter is relatively large,31 the secondary electron emissio

FIG. 5. Fitting ofB1 , B2 , andB3 to Dl for t51.0.

FIG. 6. Fitting of the normalized ion currentI 1n against the normalized
probe potentialwp . Data shown by the marks have been collected from R
26 for t from 0.001 to 1.0 andDl5800.
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current due ion impact can also be neglected because
emission current is two orders of magnitude higher than
thermal ion current.

The secondary electron emission current from the pr
I em was proposed by Kaganet al.14 under the influence of
metastable atom fluxes to the probe given by

I em5eSgmGm5
eNm0Sgm

4
A kTm

2pmHe
, ~19!

whereNm0 , Tm , andmHe are the density, temperature, an
mass of metastable helium atoms, respectively;Gm is the
metastable flux to the probe andgm is the secondary electro
emission coefficient, which is of the order of 1021 to 1022.14

With Tm5973 K, andNm057.631021 m23, the estimated
metastable flux is 4.331024 m22 s21, which results in a cur-
rent of 2 A emitted from the probe with a surface area o
31026 m2. This value is two orders of magnitude high
than the actual ion currents in the probe characteristics,
cause Eq.~19! holds only for ion sheath thicknesses smal
than the mean free path of metastable particles. Takin
sheath thickness of 1026 m, the limit of helium gas pressur
for the applicability of Eq.~19! is about 12 Torr. So that a
much higher pressures, a continuum model for a thin an
thick sheath should be considered.

1. Thin sheath approximation

At lower probe potential, the ion sheath is very thin a
close to the probe surface and hence the sheath edge c
considered as the probe surface. Consequently, the m
stable concentration at the probe surface is zero. Under

f.
FIG. 7. Fitting ofC againstt.

TABLE III. Dependence ofC on t5T1 /Te .

t5T1 /Te C

1 0.872 24
0.5 13.489 02
0.2 22.359 68
0.1 25.333 45
0.05 26.970 74
0.02 28.440 93
0.01 28.587 27
0.001 28.729 48
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



n
a

nt
h
iz
th
l.

ha
tio
tio
ab

a
n
a

en
is

eq

ed
ic

gh
d
tia

o

re

su
di
o

the
The
re.
uide
of

r to
es
are
ve-
les
or

The
. In

m
is

The
nd
ti-

on.

d at
It is

9534 J. Appl. Phys., Vol. 91, No. 12, 15 June 2002 Talukder, Korzec, and Kando
above conditions, the secondary electron emission curre32

due to metastable atoms flux to the probe can be written

I em52egmSNm0ADmNoCm, ~20!

where Dm and Cm are the metastable diffusion coefficie
and cumulative ionization rate coefficient, respectively. T
thin sheath approximation can be used where the normal
probe potential is slightly negative or positive and gives
emission current which is independent of probe potentia

2. Thick sheath approximation

A thick sheath can be approximated by assuming t
there are no free electrons and no production or destruc
of metastables due to electron impact or stepwise ioniza
in the sheath region. Under these conditions, the metast
induced secondary electron emission current32 can be written
as

I em52egmSDm

Nm0

dsh
, ~21!

wheredsh is the ion sheath thickness.dsh can be obtained by
solving the one-dimensional Poisson’s equation under the
sumption of negligible electron density within the sheath a
zero electric field at the sheath edge and can be written

dsh5
3
2~

1
3lelD

2 wp
2!1/3. ~22!

The thick ion sheath approximation is applicable wh
~i! the ion sheath thickness is larger than the character
length of the metastable depletion zone; and~ii ! the meta-
stable density at the ion sheath edge can be regarded as
to the density in the bulk plasmaNm0 . This requirement
means that the depletion of metastables at the sheath
due to the metastable flux through the sheath is small, wh
is fulfilled for high electron density and consequently hi
production rate of metastables. The thick sheath mo
shows that the emission current depends on probe poten

3. Probe current with secondary electron emission

Considering our experimental conditionsP5700 Torr,
Tm5973 K, Dm54.1931024 m2 s21, Cm51.14
310213 m3 s21, Nm057.631021 m23, gm51021, and in-
troducing the above values in Eqs.~11! and~20!, it is found
that I 1R597.9mA and I em534.7 mA. So it is reasonable t
consider that at high pressures,I em is much larger thanI 1 .
Therefore disregardingI 1 with respect toI em, Eq.~9! can be
written as

I p5I eRI en~wp ,Dl!2I em. ~23!

Now one can easily apply Eq.~23! together with Eqs.
~15! and ~20! to analyze the probe characteristics measu
in high pressure plasmas with high metastable density.

IV. MEASUREMENT OF THE PROBE
CHARACTERISTICS IN HIGH PRESSURE
MICROWAVE PLASMA

The probe characteristics are measured in high pres
microwave plasma. Figures 8–10 show the schematic
gram of the experimental setup developed to produce n
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thermal equilibrium plasmas, the cross-sectional view of
discharge chamber, and the probe setup, respectively.
detailed description of the setup was published elsewhe3

The discharge chamber is made of a rectangular waveg
54 mm high, 108 mm wide, and 130 mm long. Open ends
the waveguide are closed by Pyrex glass plates in orde
form the discharge chamber. Two cylindrical tungsten pip
of 4 and 6 mm in inner and outer diameters, respectively,
inserted perpendicularly through the H planes of the wa
guide, as shown in Fig. 9. In order to study the radial profi
of Ne andTe of the plasma, the probe is set up on the axis
at the edge of the plasma column as shown in Fig. 10.
spacing between the stub tips is maintained at 10 mm
order to make a Langmuir probe, a tungsten wire of 0.8 m
in diameter embedded in insulation with an alumina tube
inserted through one of the stubs as shown in Fig. 10.
probe tip 1 mm long is placed at the center of the stub a
along its axis. A 2.45 GHz pulsed microwave with a repe
tion frequency of 120 Hz is used for the plasma producti
Helium is used as working gas.

Figure 11 shows the probe characteristics measure
helium pressures of 100, 300, and 700 Torr, respectively.
found thatI p measured at 700 Torr has a dip atVp from 0 to

FIG. 8. Block diagram of the experimental setup.

FIG. 9. Cross-sectional view of the discharge chamber.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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240 V. The dip is caused byI em, which is considered to be
induced by the metastable helium atoms. The emissive p
theory33 shows that at some conditions, a dip in the pro
characteristics due to space charge effect can occur, loo
similar to the curves as shown in Fig. 11. But the estimati
for our experimental conditions show that this effect wou
occur for currents, which are orders of magnitude higher t
the measured ones. On the other hand, for 100 and 300
the probe characteristics do not exhibit the remarkable
ondary electron emission from the probe. The experime
probe characteristics suggest that the production rate
metastable helium atoms grows strongly with helium g
pressure. ThusI em becomes predominant at 700 Torr.

V. ANALYSIS OF THE PROBE DATA

To obtain the plasma parameters, probe characteris
measured in high pressure microwave discharges have

FIG. 10. The probe setup.

FIG. 11. Current–voltage probe characteristic at 0.80 ms after the startin
the microwave power pulse. A tungsten probe is used.
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fitted using an iterative procedure shown by a flow chart
Fig. 12. The best fitted curve can provideTe , Ne , I em, and
f. At first, the probe characteristic obtained at 700 Torr
helium shown in Fig. 11 is introduced for the estimation
plasma parameters. We have selected a portion for fit
from the whole probe characteristic in the following wa
The point that the probe characteristic just starts bend
gives the upper limit of the curve, as shown by pointA in
Fig. 11. The lower limit of the curve is chosen as the mi
mum probe current in the probe characteristic, as shown
point B in Fig. 11. In the estimation this minimum current
treated asI em. Because of the increase inI em at a pressure
higher than 100 Torr, the ion part of the probe characteri
should not be adopted, otherwise it could provide overe
mation ofN1 . The proposed fitting technique takesI em into
account and allows one to obtain reasonable plasma pa
eters even for strongly shifted probe characteristics due
secondary emission measured in atmospheric plasma.

The probe currentI p has been fitted using Eq.~23!. The
final value ofNe is calculated using the following equation

of

FIG. 12. Flow chart for the determination of plasma parameters.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Ne5
I eR,n1I em,n

4pRpeDe,n
, ~24!

whereI eR,n , I emn , andDe,n are the electron saturation cu
rent, the secondary electron emission current, and the d
sion coefficient obtained in thenth iteration, respectively
The relative errord i , used for the evaluation of fitting, i
formulated for the probe current and is given by

d i 115
A (

j 50

k S I M , j2I C,i , j

I M , j
D 2

k
, ~25!

where i 51,2,3,...,n is the number of iterations, j
51,2,3,...,k is the number of measured points,I M j is the
measured probe current at thej th point, andI C,i j is the probe
current for thej th measured point calculated in thei th itera-
tion, respectively. The iteration procedure shown in Fig.
for the determination of plasma parameters is described
low.

Step 1: One has to define the following parameters.~a!
The number of data pointsj to be considered will specify a
portion from the whole probe characteristic for fitting.~b!
The number of iterationsi can be initialized by 0.~c! The
estimated errord0 can be initialized as 1.

Step 2: The values ofNe , Te , I em, andf can be initial-
ized by assumption. If these initialized values are very cl
to the calculated ones, even a few iterations can provide
best fitting. Otherwise, the number of iterations will be i
creased to get the best fitting.

Step 3: The value ofse can be found from Ref. 29. Th
values ofDe and I eR can be determined using Eqs.~5! and
~7!, respectively.

Step 4: The values ofwp and I p in the iteration process
can be calculated by using Eqs.~1! and ~23!, respectively.
These two equations can be written as

wC,i , j52
e~f i2Vp, j !

kTe,i
~26!

and

I C,i , j5I eR,i I en~wC,i , j ;De,i !2I em,i , ~27!

wherewC,i j is the normalized probe potential at thej th mea-
sured point in thei th iteration,Vp, j is the probe potential a
the j th point, f i , Te,i , I eR,i , De,i , and I emi are the space
potential, the electron temperature, the random electron
rent, the electron diffusion coefficient, and the second
electron emission current in thei th iteration, respectively.

Step 5: Relative errord i is estimated using Eq.~25!.
Step 6: Compared i and d i 11 . If u(d i 112d i)/d i u

.0.01, the next iteration will be started by taking the ne
values ofNe , Te , I em, andf.

Step 7: If u(d i 112d i)/d i u<0.01, the iteration will be
finished and the best fitted curve will provide the plas
parametersNe , Te , I em, andf. An example of the best fitted
curve for 700 Torr is shown by the solid curve in Fig. 11

The ion currentI 1 has been fitted for 100 Torr using Eq
~14! by an analogous procedure as that of the electron cur
fitting. In this case, the values ofTe and f are used which
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were obtained from the electron current fitting. The value
T1 can be calculated neglectingI em, consideringNe5N1

5No and using the following equation:

T15
4pRpN1el1n1,thTe

3I 1R,n
, ~28!

whereI 1R,n is the final value ofI 1R obtained by fitting.

VI. RESULT AND DISCUSSION

In order to investigate the transient behavior of atm
spheric microwave discharge plasmas, microwave po
pulses of 400 W with a repetition frequency of 120 Hz ha
been applied to the discharge chamber. The probe chara
istic data have been recorded by a digital oscilloscope.
step between the consecutive probe voltages has been m
tained at 1 V. In order to reduce noise of the probe curre
the probe current has been recorded after averaging over
microwave pulses.

Figure 13 shows the temporal development ofNe both
on the axis and at the edge of the plasma column for 700 T
together with the microwave pulse. When the probe is pla
at the edge of the plasma column,Ne increases with time and
reaches a maximum of 8.4031020 m23 at 0.90 ms. This in-
crease inNe is due to the microwave heating. After 0.90 m
Ne starts to decrease together with the microwave pulse
monotonically decreases up to 2.20 ms. This temporal de
opment ofNe is similar in appearance to that of spectr
scopic measurements by Vikharev5 at 750 Torr for a helium
plasma. On the other hand, when the probe is positioned
the axis of the plasma column,Ne increases more slowly an
reaches a maximum of 3.6531020 m23 at 1.00 ms. This in-
crease inNe is considered responsible for microwave heati
and diffusion from the edge of the plasma column. ThenNe

starts to decrease after 1.20 ms. The following reasons
be responsible for the difference ofNe measured at two
points: at the beginning of the discharge, the microwave
easily penetrate into the plasma column becauseNe is lower
than the critical densityNc of 7.431016 m23. Just after the
onset of the discharge,Ne exceedsNc , which consequently
reduces the microwave power inside the plasma column.
ter 1.20 ms, the microwave is confined near the surface

FIG. 13. Temporal development of electron density in a helium discharg
700 Torr after the starting of the microwave power pulse.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the plasma column. However, the microwave power p
etrating into the plasma reduced by skin effect is still inten
enough to produce the plasma. In addition, the ambip
diffusion of the plasma near the plasma column surf
raises the plasma density on the axis of the plasma colu
As a result,Ne reduces and remains relatively constant at
center of the plasma column.

Temporal development ofTe measured at the edge an
on the axis of the plasma column is shown in Fig. 14. Wh
the probe is placed at the edge,Te increases sharply with
time from the beginning of the discharge up to 6.07 eV
0.50 ms due to microwave heating. After 0.70 ms,Te starts
to decrease up to 1.90 ms and then seems to be constan
the other hand,Te on the axis of the plasma column is low
than that at the edge at the beginning of the discharge
creases linearly with increasing time, and reaches the m
mum of 5.15 eV at 0.90 ms. After 0.90 ms, it starts to d
crease continuously up to 1.60 ms and thenTe becomes
almost constant.

Profiles ofNe andTe measured here may be caused
the following effects. The plasma with densities higher th
Nc is mainly produced inside a thin layer near the plas
column surface. Therefore the plasma on the axis of
plasma column should be kept intact by plasma partic
diffusion from the plasma production layer and the ionizat
due to the microwave power penetrating through the s
effect enlarged layer due to high electron–neutral collisio
The high energy electrons on the surface of the plasma
umn can diffuse toward the center of the discharge so thaTe

increases. The skin depth estimated under the present c
tion is around 5.6 mm which results in an effective penet

FIG. 14. Temporal development of electron temperature in a helium
charge at 700 Torr after the starting of the microwave power pulse.
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tion of microwave power into the plasma. Therefore it
reasonable to consider that the plasma can be produce
heated by the reduced microwave power even near
plasma axis, thoughNe and Te at the edge are higher tha
those near the axis because of the higher microwave po
dissipation.

The pressure dependenceTe andNe at the edge and on
the axis of the plasma column are compared in Table IV
can be seen thatTe at 300 Torr is lower than that at 100 To
because the number of collisions of electrons with neu
particles increases with increasing pressure and hence
electrons lose their energy. ButTe at 700 Torr is compara-
tively higher because of the presence of high energy e
trons in the vicinity of the probe, as explained below. On t
other hand,Ne increases with increasing pressure. In mo
cases it is found thatNe is higher at the edge than that on th
axis.

It has been mentioned earlier that the emission of s
ondary electrons is caused by potential emission-like Au
neutralization and deexcitation due to ions and excited ato
on the probe surface. The energy of the secondary elect
due to Auger neutralization of ions at the metal surface
be evaluated.30 The maximum energy of the secondary ele
tronsEi ,max is given byEi ,max5Ei22W, whereEi is the ion-
ization energy of the atoms andW is the work function of the
metal. For the combination of helium and tungsten,Ei ,max

515.58 eV, whereEi524.58 eV andW54.5 eV are used.
The maximum energy of the emitted electrons due to
Auger deexcitation by the excited atoms at the tungsten
face Eex,max corresponds to 15.31 eV, sinceEex,max5Eex

2W, whereEex519.81 eV is the excitation energy of he
lium. Therefore the secondary electrons have higher ene
than most electrons in the bulk plasma, which leads to hig
Te as shown in Table IV. This anomaly can also be explain
in terms of the influence of the metastable atoms on
electron energy distributions.34 The role of wall losses on the
balance of metastables decreases with increasing pres
and consequently higher metastable density can be expe
One of the main loss mechanisms is the collision betw
two metastables, leading in consequence to ionization of o
deexcitation of the other metastable, and releasing of
high energy electron. Because the density of metastable
oms is orders of magnitude higher than the electron den
this mechanism can have a strong impact on the elec
energy distribution, contributing to its high-energy tail. B
assuming a Maxwell–Boltzmann electron energy distribut
function, such a tail is leading to higher measured elect
temperatures.

s-
at 2.00
TABLE IV. Electron density and temperature measured on the axis and at the edge of the plasma column
ms after the onset of the discharge as a function of the helium pressure.

Pressure
~Torr!

P

Electron temperatureTe

~eV! Electron densityNe ~m23!

Axis Edge Axis Edge

100 2.65 3.15 1.2931019 8.6131018

300 1.92 2.77 2.7631019 3.4831019

700 3.59 3.06 1.8831020 3.7131020
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The temporal development ofNe and temperatures fo
100 Torr are shown in Figs. 15 and 16, respectively.Ne

curves for 100 Torr show an inverse relation as compare
that for 300 Torr~Table IV! and 700 Torr~Fig. 13!. Ne at the
axis is higher than that at the edge during the entire cy
time for 100 Torr. This can be explained by the increase
De with decreasing pressure. Even though the productio
electrons is concentrated in the ring-shaped zone betwee
two tubular electrodes, overlapping of the diffusion zones
the axis may cause a maximum at this position.

Finally, the relation ofRp andle or l1 andlD is evalu-
ated to justify the applicability of the probe theory. It can
seen from Fig. 1 that almost all data fall within the collisio
dominated zone for 100, 300, and 700 Torr, which can co
pletely fulfill the assumption of the present probe theory.

The high pressure microwave discharge produced by
present discharge chamber can produce nonthermal plas
since helium gas causes a rapid cooling of ionized and n
tral atoms because of their small mass. Moreover, the in
action of helium ions with the stub wall can extract ener

FIG. 15. Temporal development of electron density in a helium discharg
100 Torr after the starting of the microwave power pulse.

FIG. 16. Temporal development of electron and ion temperatures in a
lium discharge at 100 Torr after the starting of the microwave power pu
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from helium ions effectively. Consequently, nontherm
equilibrium will take place within a very short time.

VII. SUMMARY

A method for the determination ofTe andNe is proposed
using numerical results of the continuum model by Coh
Simple algebraic functions provide the basis for using ite
tive procedures for the determination of plasma parame
avoiding making the fitting parameters discrete. The p
posed fitting technique takes the secondary electron cur
due to metastable excited atoms induced emission into
count and allows one to obtain reasonable plasma param
even if the secondary electron emission current strongly
fects the probe characteristics. Fitting of the ion saturat
current is used to estimateT1 , provided thatTe andNe are
known. The present method was applied to high press
high density microwave discharges using a moderate mi
wave power of 400 W.
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