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Abstract

A method for determination of the metastable atom concentration in high pressure (=100 Torr) high density (> 10"2cm ™) helium plasma
from current—voltage characteristics of a single electrostatic probe is described. It is shown, that the flux of metastable atoms to the probe is
controlled by ion sheath thickness and consequently by probe bias. The method for calculation of metastables concentration from the
negative part of the current—voltage probe characteristics is proposed. The metastables concentrations measured in pulsed microwave
discharge are in agreement with values calculated from the metastable balance equation. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The role of metastable excited atoms, is well known and
recognized for transfer and storing of energy [1]. Especially
interesting are triplet (2°S) metastables of helium due to
their extremely long radiative life time [2]. The application
of metastable excited helium for gas chromatography [3],
buffering energy in gas discharge lasers [4] or for high
energy propulsion fuel [5] can be referred. An increasing
interest is focused on applications for material synthesis and
processing. The metastables are used as a source of chemi-
cal energy for low pressure pulsed plasma [6] or for reactive
etching [7]. Recently their role for atmospheric pressure
processing is stressed [8]. Especially important role play
metastables for sustaining an atmospheric pressure glow
(APG) [9], which can be used for surface treatment, [10]
film deposition, [11] and film removal [12].

An electron ejection from metal surface by metastable
atoms was first established for mercury metastable atoms
incident on a nickel surface [13]. Oliphant [14] first
observed electron ejection from metal surface by helium
metastable atoms.

A lot of research effort was devoted to the characteriza-
tion of metastable atoms and their interactions with metal
surfaces at low pressure [15]. The influence of metastable
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excited atoms on the probe characteristics is already long
time known as a parasitic effect [16], making difficult the
determination of ion concentrations at higher pressures [17].
Due to the Auger de-excitation of metastable excited atoms,
a high secondary electron emission current can be observed.
In this work, we propose the method for determination of
metastables concentration in high pressure (>100 Torr),
high-density (>10"%cm™?) discharges by use of a probe
technique. The change of electron emission current vs.
negative polarization of the probe is observed in such
discharges. This can be explained by influence of the ion
sheath thickness on the metastables flux to the probe.
Assuming, that no metastables are produced in the electron-
free ion sheath, the diffusion determined metastables flux is
increasing with decreasing ion sheath thickness (see Fig. 1).
The proposed model allows to calculate the metastable
concentration in the bulk plasma on the base of the negative
branch of I-V probe characteristics. The model for the
case, when the ion sheath is thin or does not exist is
also proposed, allowing the modeling of the saturation
emission current.

2. Estimation of metastable concentration from balance
equation

The concentration of the metastable excited atoms ny; can
be calculated in a simplified way from the balance equation
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Fig. 1. Influence of the probe bias on the flux of metastable atoms to the probe surface.

for metastable excited atom concentration [4]:
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Dy is the diffusion coefficient and S and P are the volume
creation and loss terms, respectively. Knowing the main
production and destruction mechanisms and their rates,
the steady state concentration of metastable excited atom
can be found from Eq. (1). In next paragraphs such mechan-
isms will be briefly resumed.

2.1. Metastable excitation rate

For estimation of metastables production rate, only the
electron impact excitation will be taken into account. The
source term of Eq. (1) reduces to:

S = nyn.Cy! )

where n, is the electron concentration and Cgl is an electron
temperature dependent rate coefficient for excitation of
metastable state of helium from ground state. C)' can be
calculated from the electron energy distribution function
assumed as Maxwellian:

2 e eW eW
e ﬁ(kTe)\/kTe ‘”‘P(‘rn) ®)

and from cross section for metastable excitation o (W)
shown vs. electron energy in Fig. 2 [18]. Using a linear
approximation of the electron impact cross section for
metastable excitation [2] close to the excitation threshold

W, the production rate coefficient is given as:
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C, is the constant referring to the slope of the linear approx-
imation, given together with W, in Table 1. For electron
temperature corresponding to 7, =4.4eV and triplet
metastable state excitation energy W, = 19.82 eV, these
rate coefficient is COM =124%x10""%m?s !
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Fig. 2. Electron impact cross sections for ionization o 4, cumulative ioniza-
tion o.c, metastable excitation oy, (E) and electron energy distribution
function for electron temperature of 4.4 eV as a function of electron energy.
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Table 1

Parameters used for linear approximation of the collision cross sections by Eq. (4) and the corresponding rate coefficients, collision frequencies and production
rates for at typical experimental conditions (7 = 973 K, p = 700 Torr), electron temperature of 7, = 4.4 eV and electron concentration n, = 3.5 X 10 m™3.
For cumulative ionization calculation the metastables concentration of ny; = 0.76 X 10 m~3is taken

Wy (eV) Co (m*/eV) Rate coefficient (m*s™") Collision frequency sh Production rate (m > s~}
Direct impact ionization 24.59 1.0x 1072 Cy =18x10"" 1.22x 108 426 % 10%
Cumulative ionization 477 1.7x107% Cy=114x1078 8.6x10° 3.0x10%
Metastable excitation 19.82 28%x1072 M =124%x1071° 8.6 10° 3.0x 10%
The neutral particle concentration calculated according to described by destruction rate:
formula: S
P = nyKy (7

p

nN = T @)

is ny = 6.95%x 10" m ™ at typical experimental conditions
(Tx=973K, p=700Torr). With this value, the
metastables generation frequency is 0.86 X 10° s~ Taking
the electron concentration of n, = 3.5 X 10* m~3 which is
typical for our experimental conditions, the production rate
is3.02x 10 m™ s~

2.2. Volume losses of metastables

In general the metal walls of the plasma containment can
be treated as an ideal sink for metastable atoms, but at high
pressure and in sufficient distance from the plasma contain-
ment walls (in plasma bulk), the diffusion losses can be
neglected comparing to volume losses. The three main
metastables destruction processes [19] are considered for
the loss term of Eq. (1). For all calculated examples the
electron concentration n, = 3.5 X 10% m73, the electron
temperature 7, = 4.4 eV and the metastables concentration
ny = 0.79 X 10%* m 2 is taken.

The first volume loss mechanism takes into account only
the de-excitation due to the three body collisions and is
described by the expression

P = niny Ky (6)

Kf\),[ =25%x107°mls™! s quadratic  destruction
coefficient for 2°S metastables [20]. For neutral particles
concentration of 7 = 6.95% 10** m™> the destruction rate
of this process is 9.17 X 10 m™2 s~

The second volume loss mechanism occurs due to ioniza-
tion by the collision of metastables pairs [21] and is

Table 2

Kyy is calculated from the cross section for this process of
on = 107" m?. This value is obtained from expression:

8kT;
Ky = oy = aﬁ,/ M (8)
mHe

1

mye 1s the mass of helium atom. Kﬁ =23x10"ms”
for metastables temperature Ty; = 973 K. The correspond-
ing destruction rate is 1.33 X 10 m3 s

The third loss mechanism is the destruction of
metastables due to cumulative ionization. It can be

described by destruction rate:
P = nyn.Cy; 9)

The rate coefficient for cumulative ionization Cy; can be
calculated using Eq. (4) with linear approximation of the
cross-section for cumulative ionization o, (W) shown in
Fig. 2 [2]. The parameter of the linear approximation for
energy dependent cross-sections are shown in Table 1. With
such obtained rate coefficient for cumulative ionization
Cy = 1.14% 1073 m?s7! the cumulative ionization rate
of 3.0x 10* m > s~ ! is obtained.

The described loss mechanisms are resumed in Table 2.
The comparison of the three destruction rates calculated for
typical discharge conditions shows, that the main loss
mechanism in the plasma bulk is the cumulative ionization.
This mechanism will be used for estimation of the
metastables concentration.

2.3. Metastables concentration in plasma bulk

Taking into account the cumulative ionization as the
dominating destruction process, the balance of metastables

The three main destruction mechanisms of the metastable excited helium at atmospheric pressure in the bulk plasma. The electron temperature 7, = 4.4 eV,
neutral particle concentration ny = 6.95 X 10** m 3 and the metastables concentration ny = 0.76 X 10% m™? are taken for calculations

Three-body de-excitation

Binary metastable collision Cumulative ionization

ionization

He(2%S) + He + HeyHe,(2°S.)) + He
P= nlz\,nMK&

Ky =25x10%m°s7!
92x10%m3s™!

Destruction mechanism
Destruction rate
Destruction coefficient
Destruction rate

He(2°S) + He(2°S)yHe™ + He + ¢
P = nyKyy

Ky =23%x10""m?s™!

1.33x 10 m 35!

He(2°S) + eyHe™ + 2¢

P = nyn.Cry
Chi=114x10"3m’s!
3.0x10¥m 357!
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in the plasma bulk can be written in simplified form as:
mvoneoCat = Mxeg o™ (10)

nyo and n.y are metastables concentration and electron
concentration in the plasma bulk, respectively.
The equilibrium metastable concentration is given as:

C M
Ny = nN% (11)
M

and for the example set of data is nyy =~ 0.76 X 102 m >,

The Eq. (11) can be used for estimation of the equilibrium
metastable concentration only for plasmas with very high
electron concentrations. It holds, for example, for high
power microwave, ICP or jet discharges. In case of plasmas
with low electron concentration (streamer discharges,
atmospheric pressure glows, afterglows and remote
plasmas) this condition is not fulfilled. Not only the
cumulative ionization is loosing its importance, but also
the ionization by the binary metastables collisions get
very small due to square dependence on metastable con-
centration strongly decreasing with decreasing electron
concentration according to Eq. (2). In such cases the
destruction due to the three body collisions is dominant.
Consequently the Eq. (6) should be used for estimation of
the equilibrium concentration of metastables, giving:

M
neg Co

o = (12)

nnN K;/—[

3. Calculation of secondary electron emission current

In general, the emission of electrons from the probe
surface can be caused by ion impact, electron impact, photo-
emission or emission due to de-excitation of metastables.
For high negative probe bias, emission due to electron
impact is negligible. Since at high pressure the secondary
electron emission current is on two orders of magnitude
higher than the thermal ion current, especially when probe
diameter is relatively large [22], the secondary electron
current due to ion impact can also be disregarded.

Knowing the metastable flux to the probe and the second-
ary electron emission coefficient, the emission current due
to the de-excitation of metastable atoms can be expressed
as:

I, = yeSpFM (13)

In following the calculation of the metastable particle flux
to the probe will be presented. Then the method of determi-
nation of the effective secondary emission coefficient under
consideration of electron recoil will be described.

3.1. Metastables flux to the probe

For calculation of the metastable flux to the probe a

simple formula:

oV kT,
Iy = 1\10 = ”MOW/ 27ml;/[H (14)
(&

was already proposed by Kagan and Perel [23], in which v is
the mean velocity of metastable atoms. With 7y = 973 K
and nyp = 0.76 X 10* m 3, the estimated metastable flux is
43%10* m™? sfl, which would result in a current 2 A
emitted form the probe with surface area of 3 X 10°° m%.
This value is on two orders of magnitude higher, than the
negative currents really occurring in the probe characteris-
tics, because Eq. (14) holds only for the ion sheath thickness
smaller than the free path for metastable particles. Assum-
ing the plasma sheath thickness of 10 pm, the pressure limit
for applicability of Eq. (14) in helium is about 12 Torr.

For much higher pressures a continuum model have to be
used. The flux of metastables can be obtained from Eq. (1),
for the vicinity of the probe surface. Due to a high concen-
tration gradient, the diffusion term cannot be neglected. In
general this problem can be solved only numerically, but we
propose two one-dimensional solutions by use of: (i) the thin
ion sheath approximation with constant electron concentra-
tion in the entire probe vicinity and (ii) the thick sheath
approximation with zero electron concentration in the ion
sheath and constant electron concentration in the plasma
bulk. In both cases the metastables concentration at the
probe surface can be regarded as zero, due to very high
probability of metastables de-excitation.

3.2. Thin ion sheath approximation

If the ion sheath is thin, the ion sheath edge can be treated
as an equivalent of the probe surface, it means as a place of
zero metastables concentration. The metastables concentra-
tion profile along y-axis can be obtained from Eq. (1) written
for static, one dimensional case. Using the metastables
production as described by Eq. (2) and destruction as
given by Eq. (9), a differential equation:

np(y)

Dy + nnngCo — ny(MnegCy = 0 (15)

is obtained. For boundary conditions:
n(0) =0 ny(0) = nyg (16)

the solution of Eq. (15) is given [24] as:

. y . y
() = nMo[smh(B—O) -2 smhz(E)] (17)
where
Dy
Oy = | ——— 18
0 neOCl\_'/—[ ( )

For nyp = 0.76 X 102 m™>, the metastables diffusion

constant Dy = 4.19%x 10 *m*s™! and the coefficient
of cumulative ionization of 1.14x 10”7 m™> s_l, the
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characteristic length of the metastables depletion zone &, =
3.24 pm is obtained.

Using the first derivative of the metastables concentration
for y = 0, the metastables flux can be obtained:

Iyt = —nyo Dmmeo Oy (19)

Combining the Eqgs. (13) and (19) the metastables
induced secondary electron emission current can be
expressed as:

Iom = eySpFM = _eySpnMO \/DMCI\J;[neO (20)

The thin ion sheath approximation can be applied, when
the ion sheath thickness is much smaller than 24,. It corre-
sponds conditions at the probe surface, when the normalized
probe potential is slightly negative or positive.

3.3. Thick ion sheath approximation

The assumption, that the ion sheath is electron-free,
means that no metastables production due to electron impact
and no losses due to stepwise ionization in this zone occur.
The metastables concentration profile within the ion sheath
can be obtained from Eq. (1) written under neglection of
volume production and destruction as:

ad
Dy 2O _ Q1)
dy
For boundary conditions:
nv=0)=0  ny(8pn) = nyo (22)

the solution of Eq. (21) is given as:
y

nyv(y) = nvoDu 5 (23)
sh

8y, is the ion sheath thickness.

The metastables flux can be obtained using the first
derivative of the metastables concentration distribution
described by Eq. (23) fory =0:

Iy = —Dy 2 (24)
65h
Substituting the metastables flux in Eq. (13) by Eq. (24),
the expression for metastables induced electron emission
current is obtained:

(25)

nmo
I = —veS,Dy )
S

O

The thick ion sheath approximation is applicable, when:
(i) the ion sheath thickness is larger than . It holds for
strong negative polarization of the probe, (ii) the meta-
stables concentration at the ion sheath edge can be regarded
as equal to the concentration in the plasma bulk nyy. This
requirement means that depletion of metastables at the
sheath edge due to the metastables flux through the sheath
is small, which is fulfilled for high electron concentration
and consequently high production rate of metastables.

3.4. Diffusion constant for metastables

The diffusion constant of metastable excited helium
atoms (triplet) through helium gas is a function of total
particle concentration and of temperature [25] and can be
expressed by approximation formula:

Po\( Tn\"
Dy = Dyl — || — 26
M O(P)(To) (26)

where py is the pressure of 760 Torr, T, the temperature of
273 K, Dy = 5.59 X 10> m?s™! the metastables diffusion
constant recalculated for 7; and p, from Ref. [26], and n =
1.52 is determined as a least square fit to the available
quantum-mechanic calculations for temperature dependence
of the diffusion constant [27]. For typical experimental
conditions: pressure of 700 Torr and gas temperature of
973 K, the diffusion constant calculated from Eq. (14) is
Dy =4.19%x 104 m? s~

3.5. Ion sheath thickness

The thickness of the ion sheath may be evaluated by
means of a simple model, which includes the one-
dimensional Poisson equation written under the assumption
of a negligible electron concentration within the sheath:

P __eny

= @7)

€

The zero of the potential @ is chosen at the edge of the
ion sheath. Hence the ion sheath thickness under our experi-
mental conditions is on two orders of magnitude smaller
than the probe radius, linear coordinates can be used. The
continuity equation for ions is given as:

nyvy =—I; (28)

where v, is the local ion velocity in the direction towards
the surface. The equation relating v, to field gradient in the
case of collision-dominated ion layer reads

Vi = Kyt Z_‘P (29)
Yy
w4+ denotes the ion mobility, which will be assumed to be
constant across the ion sheath for simplicity.
Solving the above equations with the boundary condition
of zero field at the edge of the ion sheath, one finds the
following expressions for the ion sheath thickness [28]:

9eops Vi 9€0iS,Van
By = 4] T — u 30
\/ 8|l SIL | ¢

where S, is the probe surface area and Vj, is the voltage
across the sheath.

Considering our typical plasma parameter, the change of
probe voltage from 30 to 60 V results in ion current increase
of less than 5% [29]. Taking into account the coefficient of
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ambipolar diffusion for case 7, > T :

kT,
e

D, = Mt (31

the ion current flowing to the probe is given as [28]:

—eSyD, " = ~ Sy kTe;e"
where 6 is the specific scale length which is the lowest of the
length scales: (i) probe radius Ry, (ii) Péclet number, playing
role only for fast moving plasmas and (iii) free path for
electron impact ionization A..

The free path for electron impact ionization A., can be
estimated by use of following expression:

1

Aot = o (W) 33)

I, =eS,I'y =

(32)

and is in our case about 40 pum — much less than the probe
radius. Consequently Eq. (32) can be written as:
kT,n,

/\e+

1, = _SpP«Jr (34)

Taking into account the Eq. (34) in Eq. (30), the ion
sheath thickness can be expressed as:

341
b= 5y 3 A ADp (35)

where

kT,
Ap = |0 = (36)
\ nee

is the Debye length and

(D, — V)
¢ = Tp 37

is the normalized probe potential. For typical discharge
conditions and normalized potential of 5, the plasma sheath
thickness is 9.2 pm.

Introducing the diffusion constant calculated according to
Eq. (26) and the ion sheath thickness described by Eq. (35)
in Eq. (24) allows the calculation of the metastable atom
flux to the probe.

3.6. Effective secondary emission coefficient

Hagstrum [30] found, that on an atomically clean tung-
sten surface, slow rare-gas metastable atoms and ions should
exhibit the same electron yield. The reason for this is, that
metastable atoms are ionized by the tunneling of the excited
electron to the metal. Both incident ions and metastable
atoms are ions when they eject electrons.

The determination of an effective secondary electron
emission coefficient y at high pressure requires taking into
account the backscattering of electrons emitted from the
probe surface. The typical value of secondary electron emis-
sion coefficient for vacuum v, [31] under our experimental

condition is 0.29. It must be multiplied by an E/p-dependent
factor [32] for arbitrary pressure. y(E/p)/vy, is increasing
with increasing negative biasing of the probe. The mean
value of the electric field in the ion sheath can be expressed
as:

2 th 4 kTe 3 3|¢p|
Eg=--0=_ 1/ 38
P38, 9 e A} (38)

The ratio of effective secondary electron emission coeffi-
cient y(x) to secondary electron emission coefficient in
vacuum v, is a function of the reduced electric field y =
E/p and is given for helium as [32]:

L)()z 1 (X)1/3

Yo OWmax \ X1

173
1+ w(wmax)& + awmax(&) (39)
X X

In

1+ df(wmao(%)

The function Y(w,,y), taking into account the energy
distribution of the emitted secondary electrons, can be
approximated by:

1+5b

PWinax) = = [ - ( 3 ) In(1 + bwiax)

Wmax b

b+ 1) 1

+ Twmax - z_bwrznax] (40)
where
Winax = Wonax (41)

Wex

Wiax 1S the maximum energy of emitted electrons and
depends on the gas-surface material combination. For
helium and tungsten W, = 14 eV [33]. W, is the excita-
tion energy of interest. For our estimation we have taken
W = 19.82 eV.

The gas dependent constants a, b and « for helium are
7.53, 83 and 1.27, respectively. Here we denote the
characteristic electric field y, as:

Eex Wex — WCX UC(WEX)

X1 = p - eAkTyny e kTN

(42)

Elastic collision cross section for electron in helium [34]
can be described in energy range from 3.4 to 28 eV by use of
a fitting formula:

o (W) = [1.3 + 4.9 exp(— )] X107 m?>  (43)

w
14.8 eV
where W is the electron energy in eV. The accuracy of
this formula is better than 2%, with an exception of the
small zone from 18.4 to 20 eV where maximum error is
10%.

Using Eq. (43) for energy of metastable excitation
(triplet) of 19.82eV, cross section of o, =2.58X%
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102 m? is obtained. With this value, normalized probe
potential of 5 and electron temperature of 4.4 eV, after
calculation of Egs. (39)—(42), the ratio of effective second-
ary electron emission coefficient to secondary electron
emission coefficient in vacuum is 0.49. The change of
normalized probe potential from 5 to 10 causes according
to Eq. (39) the increase of the effective secondary electron
emission coefficient changes from 0.141 to 0.153, which
means a change on about 8%.

In low-pressure experiments nitrogen and air contamina-
tion of the tungsten surface has been observed to reduce the
electron yield of helium metastable atoms [35]. This
reduction is approximately 45% for nitrogen and 80% for
air. We expect, that no detrimental effect occurs in helium at
atmospheric pressure, because the probe surface is not
corroding and is permanently bombarded and cleaned by
high flux of helium atoms and ions, so that an effective
secondary electron emission coefficient of 0.15 will be
considered as a constant for determination of metastables
concentration from the measured data.

4. Determination of metastable concentration from
probe characteristics

In previous chapter the current of electrons emitted form
the probe was calculated from the metastable atom concen-
tration. The aim of the following derivation is just opposite:
from known current—voltage characteristics the metastable
atom concentration should be determined.

In general, the current flowing to the probe in an electro-
positive plasma consists of the collected electron current /.,
collected positive ion current /. and emitted electron current
Lo

L=1—1, — Iy (44)

The collected electron current can be neglected for high
negative probe voltage. The number of collisions of ion with
neutral particles on its way from the plasma bulk to the
probe surface increases proportional to pressure. The
collisions of ions cause that the ion flux reaching the probe
surface is much smaller than the random thermal flux.
Considering our typical experimental conditions at atmo-
spheric pressure, ion current at moderate negative probe
polarization is in range from pA to tens of pA. It is on
two orders of magnitude less than the typically measured
electron emission current and can be neglected for the
determination of metastables concentration.

4.1. Fitting of the emission current

For strong negative polarized probe, when the condition
of thick sheath approximation are fulfilled, the emission
current can be obtained from Eq. (25) with sheath thickness

substituted by Eq. (35) and is given as:
_ 2 '}’eSpDM

: molgpl (45)

Iem
EA"* A3
From Eq. (45) under consideration of Eq. (37) a simple
formula for fitting of the negative branch of probe IV-
characteristics can be obtained:

I, = —Iy = —Py(Ps — V) " (46)

where @ is plasma space potential. Py is a fitting parameter,
from which ny can be calculated. Comparison of the I,
from Egs. (45) and (46) gives:

3 P q 2’3\3/17
=-_"9 (L — s AX 47
Mo = 5 'yeSpDM(kTe) 3 Aet AD 47)

4.2. Saturation region of emission current

According to the predictions of the thin sheath model, the
emission current expressed by Eq. (20) is not directly
dependent on the probe potential and can be interpreted as
a saturation value I, of emission current, achieved when
probe gets strong positive. The emission current character-
istic is explained in Fig. 1. The minimum of the measured
[-V probe characteristics can be used as an approximation
for I,0. Subtracting this value from the probe current, the
collected electron current is obtained. In Fig. 3 a typical
current voltage probe characteristics at 700 Torr and the
corresponding modeled lines are shown.

Using the saturation emission current for calculation of
metastables concentration on the base of thin sheath model
looks to be an attractive alternative to the thick sheath
model. The deficiency of this approach is, that the effective
secondary emission coefficient y cannot be determined
accurately, because the field strength and real sheath thick-
ness are unknown under conditions of the thin film approx-
imation. The agreement between the experimentally

200 7

150 7

100 emitted
electron current

50 7

collected
electron current

probe current [mA]

-50

-80 -60 -40 =20 0 20 40
probe voltage [V]

Fig. 3. The typical probe current—voltage characteristics collected at
700 Torr and curves explaining the collected and emitted electron current.
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determined saturation current and predictions of Eq. (35) is
possible, when v is about 0.05. This is three times less than
v for high negative polarization.

Hence the applied model for the effective secondary
emission coefficient is working only for strong negative
probe polarization, we propose the fitting of I-V character-
istics as a technique for determination of metastables
concentration.

4.3. Fitting of collected electron current

The metastable concentration can be calculated from
Eq. (47), only when both electron temperature and electron
concentration needed for calculation of the Debye length are
known. They can be obtained from the positive branch of
the I-V probe characteristics. For this purpose the numer-
ical analysis based on simultaneous solution of Poisson’s
equation and continuity equations for spherical probe in
continuum plasma [29] is used. The results of this study
are available as a set of curves, representing the normalized
electron current vs. normalized probe potential, for discrete
values of Debye number, as shown in Fig. 4. The Debye
number is defined as the ratio of probe radius to Debye
length. To make this results usable for plasma diagnostics
and hence for arbitrary Debye number, the approximation
function for normalized electron current can be used:

exp(—_fp )

0 0.87+0.13 exp(%)

|~

(48)

o~

where A and B are parameters dependent on the Debye
number as follows:

R
A=23.65—578 log(—p) (49)
b

0.8

0.6

0.4

0.2

normalized electron current

0.0

normalized probe potential

Fig. 4. The normalized electron current calculated by Cohen [29] for
different values of Debye number as a function of the normalized probe
potential. The thermal electron current /., used for normalization is defined
by Eq. (51).

and

R
B=2.19—0.154 log(—p> (50)
Ap

The Eq. (48) can be used under assumption, that the ion
temperature is much smaller than the electron temperature,
what is holding in pulsed microwave plasmas [8]. The
thermal electron current I, is defined as:

42
Lo = eSp ”eze"h (§ R_p) (51)

where the thermal speed of electrons is given as:

8KT,

TN

(52)

Ve,th =

Assuming a constant value of the electron emission
current /.,y (see Fig. 3) in the voltage range, in which the
collected electron current is nonzero, the measured values of
the probe current are least square fitted by:

P\ TA
Ie = IeO %) — Lem0 (53)
0.87 + 0.13 exp(Ep)

From thermal electron current and Debye number used as
fitting parameter, the electron temperature and electron
concentration can be calculated. The example of such fitting
is shown in Fig. 5. The plasma parameters displayed in
Tables 3 and 4 are obtained this way. The detailed descrip-
tion of the iterative procedure for determination of electron
temperature and electron concentration from measured
current—voltage characteristics of a spherical probe is
published elsewhere [36].

250 7
200
150 -
100 -

50

probe current [mA]

-40 -20 0 20
probe voltage [V]

Fig. 5. Example of a fitting function according to Eq. (53) for determination
of electron concentration and electron temperature from probe character-
istics shown in Fig. 3.
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Table 3

The plasma parameters, fitting parameters and the metastables concentra-
tions calculated from P, according to Eq. (47) for three probe character-
istics shown in Fig. 8

Curve-no 1 2 3

ne (10 m™3) 3.01 3.31 3.53
T, (eV) 45 3.8 42
Ap (um) 0.91 0.80 0.81
D, (V) -7.9 -7.9 -7.9
Py (AV??) 0.158 0.180 0.203
nyo (102 m™3) 0.64 0.75 0.80
Table 4

The plasma parameters, emission current fitting parameters and the meta-
stables concentrations calculated from P, according to Eq. (47) for probe
characteristics shown in Fig. 9

Position Edge Axis

ne (10%° m™3) 322 1.09
T, (eV) 438 2.82
Ap (m) 0.87 1.20
dg (V) -8 -8

Py (AVH?) 0.167 0.098
o (102 m™3) 0.67 0.68

5. Experiment
5.1. Setup

The detailed description of the setup is published else-
where [8]. A 2.45 GHz pulsed magnetron with a 120 Hz
repetition frequency is used. Sinus-shaped power pulses
with duration of 2.3 ms are applied in each power pulse
cycle, with maximum power of up to 1.5 kW. The discharge
chamber consists of a rectangular WR-430 waveguide (see

vacuum
gauge |

power

magnetron  monitor

wavegluide plunger

rotary
pomp

magnetron
HV supply

He

a)

discharge
chamber

Fig. 6a) closed on both ends with Pyrex glass plates. Two
cylindrical tungsten pipes, with inner and outer diameters 4
and 6 mm, respectively, are inserted vertically at the center
of each H plane of the waveguide, as shown in Fig. 6b. The
spacing between the stub edges is 10 mm. A tungsten wire
with diameter of 0.8 mm and length of 1 mm is inserted into
the discharge zone through one of tungsten pipes. Its tip is
positioned in the center or at the edge of the discharge, in the
middle of space between the tube ends (see Fig.7).

For the evaluation of probe characteristics an equivalent
probe radius R, is used. It is defined as a radius of a sphere,
which has a surface area S, identical to the surface of the
real probe, as dimensioned in Fig. 7. It means for §, =
3 mm? the equivalent radius R, = 0.5 mm. The data points
of the current—voltage characteristics are collected during
many power cycles with synchronized time from the start of
the power pulse.

5.2. Determination of metastables concentration

In Fig. 8 the negative branches of I-V characteristics
measured at 700 Torr in helium are shown. They are
collected for three time points during increasing part of
the power pulse: 1.0, 1.3 and 1.9 ms from the pulse start
for curves 3,2 and 1, respectively. The time dependent
power decrease is explaining the decrease of the electron
concentration. The Eq. (48) was applied for fitting of these
curves and for determination of the metastables concentra-
tion in the range of voltages at which current is decreasing
vs. negative probe voltage. The fitting parameters and the
metastables concentrations calculated from P, are displayed
in Table 3. The metastables concentrations correlate well
with values calculated from Eq. (11).

In the investigated plasma, about 0.2% of the total neutral

probe —_|

resistor
100Q

Fig. 6. (a) The microwave power supply system and (b) the structure of the discharge chamber of the experimental apparatus.
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stub edge y
g / stub axis I mm
e —
I
i
; boron
I nitride
I
1
0
i : probe
| Y
10 mm| i
i 1.6 mm ¥ Wi
: / stub v
tungsten 0.8 mm
\ stainless steel
Fig. 7. Probe positions and dimensioning.
(a) 250 7
particles concentration (7' = 973 K) are triplet metastable
excited atoms. 200
Fig. 9 shows two curves collected after 1.7 ms after the 'g' edge
discharge ignition under identical discharge conditions, but = 1507
at two different positions between tubular electrodes. The g
electron temperature and electron concentration at the axis E 1007 axis
of the discharge is much lower than at the edge (see N
corresponding values in Table 4) due to a small penetration § 507
depth of the microwaves into very dense plasma and a low B
mobility of ions at high pressure, not allowing to equalize 0 —_——
the ion concentration within few millimeters. Surprising is,
-50 T T T T T T 1

that the metastable concentrations calculated from the
fitting curves of the negative branches of the probe
characteristics do not follow this tendency and are almost
equal for both positions.

-10

-15 4

probe current [mA]

-20

-25 T T T T T T T 1
=70 -60 -50 -40 -30 -20 -10 0

probe voltage [V]
Fig. 8. The negative branches of I-V-probe characteristics measured in

700 Torr helium discharge with three different sets of plasma parameters
and emission current fitting curves according to the Eq. (48) and Table 3.

-80 -60 -40 -20 0 20 40 60

probe voltage [V]

z

axis

~10

-20

probe current [mA]

-80 -70 -60 -50 -40 -30 -20 -10 0 10

probe voltage [V]

Fig. 9. The probe characteristics collected in 700 Torr helium discharge at
400 W microwave power coupled into plasma at two positions as shown in
Fig. 7. (a) The whole curves and (b) the negative branches with fitting
curves corresponding the evaluation of metastables concentrations in
Table 4.
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6. Conclusion

For high-density helium discharges at atmospheric pres-
sure, the negative part of the current voltage characteristics
can be interpreted as metastables induced secondary
emission current. This current is on many orders of
magnitude higher, than the collected ion current. The
emission current can be described by use of simple
analytical expressions. The metastables atom concentration
can be estimated from fitting this part of [-V characteristics
with modeled curve. The decrease of emission current with
increasing negative bias of the probe occurs due to the ion
sheath thickness changes. The secondary electron emission
current due to metastables de-excitation is decreasing with
decreasing pressure.
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