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1. Introduction 

McCarthy and Parks have reported results of flight 
measurements of x-rays carried out inside a space 
domain of a thunderstorm electric field [1]. They have 
detected up to 1000 fold enhancement of x-ray flux 
over the background value when their plane entered 
thunderstorm cloud. The measurements were arranged 
so as to eliminate any possible effect of 
electromagnetic disturbance caused by thunderstorm 
electromagnetic activity, on a detector used. 
Production of the enhanced flux terminated coincident 
with a lightning discharge. To treat the origin of this 
phenomenon the authors have attracted an idea that 
large-scale thunderstorm electric field increased the 
range of high-energy electrons of the megaelectronvolt 
domain and thus increased the production of 
bremsstruhlung [2]. These electrons are permanently 
generated by cosmic ray showers and by the decay of 
airborne radionuclids. Lightning discharges terminated 
the acceleration of electrons due to thundercloud 
voltage collapse. McCarthy and Parks have carried out 
calculations results of which occurred 8 times lower 
the observed enhancement. Some additional reasons 
attracted by the authors to reduce the discrepancy, were 
not successful. In the present communication an 
attempt is undertaken to resolve the divergence. The 
adequate calculations were based on the hypothesis of 
relativistic runaway electron avalanching process in a 
rather weak (in comparison with the conventional 
laboratory self-breakdown value) thunderstorm electric 
field. The hypothesis was proposed and substantiated 
by Gurevich, Roussel-Dupre, Milikh, and Tunnel [3, 
4]. The intensity of the electric force eE to be over the 
relativistic minimum of electron energy losses per unit 
path Lmi„ was proposed as a criterion sufficient for the 
relativistic avalanche to develop. The minimum is in 
the vicinity of electron energy £•« 1 MeV. A dimension 
of a space domain where the above criterion is to be 
met, should be very much longer than the characteristic 
length necessary for relativistic electron number 
increase due to ionizing collisions of runaway electrons 
with air molecules. The last demand is analogous to the 
conventional avalanche of low energy electrons. 
Exactly the enhancement of the penetrating radiation 
inside thunderclouds observed by McCarthy and Parks, 
was an experimental basis of this promising hypothesis 

able to push forward the physics of electric phenomena 
related to thunderstorm activity. 

2. Model 

The simplest model of thundercloud electric field was 
used in our calculations. The negative charge q = 30 
coulombs of the lower part of the cloud was supposed 
to be homogeneously distributed within a sphere with a 
radius / km at the height 5 km. The enhancement of x- 
rays relative to the background was factorized as K = 
K1XK2. Here Kj = I//A/ is the enhancement coefficient 
due to the increase of high-energy electron range 
considered by McCarthy and Parks, whereas by means 
of K2 = expfa/Xe) the avalanching of these electrons 
was taken into account, with Xe being a distance 
necessary for e - fold relativistic avalanche 
enhancement. The range of high-energy electrons in 
the atmosphere without electric field is designated as 
A/, and Z,/ is a dimension of the space domain adjacent 
to the sphere with the field intensity E > Lmin/e, where 
Lmi„s 1 keV/cm is the relativistic minimum of electron 
energy losses per unit path at the height 5 km [2, 3]. 
Under the conditions chosen (pressure 0.5 atm and 
electron energy s = I - 2 MeV), we estimated values Lj 
= 650 m and A/ =■ 10 m to obtain K; =■ 65. To 
characterize the intensity of the external electric field 
an "overvoltage" S = eE/Lmi„ over the minimum Lmin * 
/ keV/cm is convenient to be introduced [4]. The 
avalanching was supposed to take place within the 
space domain with the dimension L2 = 350 m along the 
field vector, where" S e [1.5, 3J. At larger distances 
from the sphere the avalanching rate is too low due to 
small values of the "overvoltage" 5 realized there. To 
simplify calculations a homogeneous electric field with 
an average <S> = 2 was adopted throughout the 
avalanching space domain L2. 

3. Calculations and Results 

For the purpose of the present study it was impossible 
to use directly the results on the avalanche 
characteristics calculated by Roussel - Dupre et. al. [4], 
because the large-angle scattering of electrons was 
discounted. We incorporated the elastic scattering in a 
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Monte - Carlo code to investigate its effect on the 
production of secondary runaway electrons. Only 
elastic collisions of electrons were followed up 
stochastically. Rutherford elastic scattering cross 
section with Molier shielding parameter [5] was 
adopted. Along the path between neighbor elastic 
collisions electrons were assumed to move under the 
joint action of accelerating electric -eE force and 
decelerating friction force -F(e)xp/p, where the 
elementary electric charge e > 0, p is the electron 
momentum and F(e)=L(e) was calculated from Bethe 
formula [6] available as well at [4]. By means of the 
friction force total average energy losses of electrons 
due to inelastic interactions with atomic particles of a 
background gas were taken into account. The runaway 
energy threshold £mtn = 600 keV calculated for the 
'overvoltage" 8 = 2, appeared to be a few times above 
the value obtained by Roussel - Dupre et. al. [4]. We 
used 600 keV as a lower limit to integrate Möller 
differential ionization cross section auf [7] used also 
by Roussel - Dupre et. al. [4], and to calculate the total 
ionization cross section oy for the production of 
secondary runaway electrons 

5. References 

[1] M.P. McCarthy, G.K. Parks: Geophys. Res. Lett., 
12(1985)393. 
[2] M.P. McCarthy, G.K. Parks: J. Geophys. Res., 97, 
No D5 (1992) 5857. 
[3] A.V. Gurevich, G.M. Milikh, R.A. Roussel-Dupre: 
Phys. Lett. A., 165 (1992) 463. 
[4] R.A. Roussel-Dupre, A.V. Gurevich, T. Tunnel, 
G.M. Milikh: Phys. Rev. E., 49, No 3 (1994) 2257. 
[5] G. Molier: Zh. Naturforsch. 3a, Wl, (1948) 48. 
[6] H.A. Bethe: Ann. Phys., 5, (1930) 325. 
[7] C. Moller: Ann. Physik, 14 (1932) 531. 

e„/2 

Oi(eo.Smin)=  j<*dif feOde- 

lt allowed to evaluate the avalanching length Xe = 
1/Nai = 120 m, the enhancement coefficient due to the 
avalanching of relativistic electrons K2 = 20, and the 
total enhancement coefficient K = K/xK2 = 1300. The 
last value is in a reasonable agreement with 
observations reported by McCarthy and Parks [1]. 

4. Conclusion 

In spite of our calculations are approximate, they are 
very illuminative in regards to indicate that 
development of relativistic runaway electron 
avalanches is to be taken into account to treat correctly 
the observed x-ray modulation within the space domain 
of thundercloud electric fields. It is possible to improve 
the accuracy of simulations provided that an 
information on the absolute field intensity distribution 
would be available from observations of McCarthy and 
Parks [1]. Both L2 and Xe depend very much on the 
intensity and spatial extension of a specific 
thunderstorm electric field so that the accuracy of the 
available information on the field strongly affects the 
results of calculations. The agreement between the 
results of present calculations and of the observations 
carried out by McCarthy and Parks, strongly supports 
the hypothesis of Roussel-Dupre, Gurevich, Tunnel, 
and Milikh on the possibility of relativistic runaway 
electron avalanches to develop within the space 
domain of relatively weak large-scale thunderstorm 
electric fields [3, 4]. 
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1. Introduction 

The numerous studies of breakdown stages in air and 
other dense gases stressed by the direct, power 
frequency and impulse high tensions have resulted in 
data related to the dielectric-conductance transition 
intricate events and a lot of the alternative breakdown 
models were developed /1-3A The identification of the 
discharge nucleation and propagation mechanisms for 
avalanche-streamer, streamer-leader, return and final 
(impulse arc) stages was the main objective of the 
investigations. However, it may be stated not only 
significant achievements of those investigations by 
inductive method commonly used but the necessity of 
the further deductive approach. The physical concept of 
definite generality to realize the electrical breakdown 
phenomena can be formulated in accordance with the 
similarity to detonation and deflagration of combustible 
gases (DD-analogy) /2,8,10-12/. Such a concept had 
been applied to the HF and optical discharges /4/. For 
the first time the idea was promoted by E.P.Velikhov 
and AM.Dykhne as to the impulse arc channel 
expansion in rarefied noble gas 151. The electrical 
breakdown as a problem of reactive systems theory in 
scope of DD-analogy concept is considered here. 

2. General properties of ionization waves 

The numerical modeling results of ionizing waves 
being related to the initial streamer and final impulse 
arc breakdown stages reveal the most attributive feature 
of thin boundary ionization zones, fig. 1,2. The 
experimental data on the discharge radiation front 
structures and the calculations reasonably coincide to 
each other 16,11. 
The identical Arrenius form of ionization and 
combustion rate functions is sufficient for the statement 
above. The sharp exponential dependence on the 
temperature or electric field leads to the interruption of 
the ionization process even with a small lowering these 
parameters. That is why the reaction zone and products 
(deflagrated gas or discharge plasma) temperatures are 
practically equal to each other, the propagation 
mechanism directly determining by the heat energy 
conductance in similarity to combustion process. 

3. Comparison of reaction properties 

The general properties and peculiarities of the 
exothermic chemical and breakdown plasma reactions 
being tabulated in confrontation allow to evaluate the 
adequacy of DD-analogy concept. 

Comparison of reactive fronts in propagation 

Combustible gas deflagration and detonation Breakdown plasma propagation 

F(T)~exp(-A/RT) 
Reaction rate function* 

F(Te,P)~exp(-IfkTe);~exp(-I/kTp) 

~exp[-//(£/cre/0] 

Propagation regime 
Mechanism 

Thermal conductance  (diffusion)  -  deflagration; Thermal conductance (electronic, radiative 
heating   by   shock   wave   front   -   detonation; reactive)- 
spontaneous deflagration in divergent temperature heating by heat wave front; 

e ionization in non-uniform electric fields 

Narrow reaction zone 
Threshold character of exotermic reaction with 
chemical energy released 
Effect of particle and particle energy losses on 
regime limits 
Flame front piston effect 

Peculiarities 
Narrow reaction zone 
Threshold character of ionization reaction, Joule 
energy dissipation proceeding 
Effect of electron and electron energy losses on 
breakdown characteristics 
Leader and impulse arc plasma piston effect 
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Constant caloricity of active chemical medium 
No heating in products of combustion 
Reaction front causes gas parameter perturbations 

T- temperature, A- activation energy, R- 

Discrepancies 
Time and space Joule energy function as a 
caloricity of external electric field 
Residual current Joule heating follows breakdown 

 plasma formation and propagation  
universal gas constant, E- electric field for avalanche-streamer 

formation, Te- free electron temperature, Tp- radiative heat wave temperature; / - ionization potential, ae- electron- 
molecule collision cross-section, n- gas number density 

Because of the caloricity of external electric field at 
ionization front position is to be known for the solving 
of hydrodynamic problem, the total problem involves 
the electrodynamic problems for the multimedia 
plasma-gas and plasma-plasma propagations and 
interactions with electric field in self-consistent 
formulation. 

4. Conclusion 

In comparison with combustion processes the 
breakdown plasma propagation is similar to 
deflagration and detonation as to the reaction front 
structures and the general heat wave mechanism of 
energy transfer and plasma propagation. The 
remarkable difference is appeared to consist of the heat 
transfer function directly depending on the local and 
temporal magnitudes of electric field entering the 
breakdown plasma. Therefore, the breakdown plasma 
propagation problem should be related to the mechanics 
of the reactive systems traditionally developed for the 
combustion processes only. 

The work has been carried out according to the project 
"Fundamental theory of electrical discharges in 
energetics" of Russian Joint Stock Company "EES 
ROSSÜ". 

[9] YaK. Bobrov, V.V. Vikhrev, I.P. Fedotov:.Fizika 
plasmy, 14 (1988) 1222 (in Russian) 
[10] Yu.K. Bobrov: Zh. Techn. Fiz., 50 (1980) 1621 (in 
Russian) 
[11] Yu.K. Bobrov, M.G. Senats: Techn. Electrodina- 
mica, 3 (1981) 67 (in Russian) 
[12] Yu.K. Bobrov: 7-th Int. Symp. on High Voltage 
Engineering, Dresden (1991) 59 

x (cm)    6.0 

Fig. 1. Streamer plasma characteristics in air 
(results of quasi-two-dimensional modeling). 
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Fig. 2. Radial impulse arc characteristics in air- 
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1. Introduction 

The analogy of the discharge plasma propagation and 
chemical detonation and deflagration reactions in com- 
bustible gases (DD-analogy) is to be accepted as the ge- 
neral deductive idea in electric breakdown theory /1-8/. 

2. Parameters of impulse arc plasma 

By the methods of stark broadening and relative 
intensities of spectral lines the space-temporal physical 
characteristics were obtained for heavy impulse arc in 
air, fig.l. The plasma boundary 3-4 corresponds to the 
steep temperature front, the channel expanding by 
radiative heat wave mechanism Z3-67. In contrast to 
weak time temperature dependence the electron number 
density follows strictly the discharge current variations, 
the data receiving by means of stark broadening 
parameters of spectral lines Nil 442,7, 453,0 nm and 

Hp 486,1 nm /2A In accordance with well-known 

streak-camera resolutions the shock wave front 1-2 
leads plasma channel boundary, fig.2-a. In plasma 4 the 
conditions of local thermal equilibrium are achieved, so 
it is possible to come to light for the pressure p and 
relative air density 5 having the temperature and 
electron number density data simultaneously received. 
Adiabatic-shell area 2-3 of shock wave is the region of 
thermodynamic equilibrium as well, nevertheless the 
electron number density in profile 2-3, fig.l, exceeds 
significantly the equilibrium magnitudes due to 
photoionization by channel radiation. Noticeable 
pressure step is appeared to exist within plasma 
boundary,   the  pressure   decreasing  from  adiabatic 

relatively cool area 3 to hot plasma 4 (p41p3)(l. Due 
to great excess of the plasma pressure over the external 

air   pressure   (p4/pi)))l   and   low   gas   density 

(/»4/n3,rti)«l the boundary 3-4 creates the gas 
velocity head in adiabatic area 3-2 and front 1-2 of 

shock wave. Pressure step Ap3_4 causes the neutral gas 
flow into the plasma, the temperature and ionization 
extent decreasing and, on the contrary, electron number 
density increasing. Therefore, the experimental data 
show that plasma boundary is similar to the semi- 
transparent piston likely to the property of flame front 
propagating in combustible gas hi. 
According to the heat wave model the radiation energy 
flux is absorbed by the cool gas in adjacent narrow 

layer, the gas heating up to the ionization temperature 
and then Joule energy of the discharge current 
dissipating to reach the plasma channel conditions /3/. 
Then energy balance equation is reduced to the quasi- 
stationary condition 

v(Kvr)=ß, (i) 
where K- radiative thermal conductivity, Q- Joule 
power dissipation. The solution of equation (1) leads 
to the known formula for the velocity of flame front 191 
and allows to obtain relations in quasi-stationary 
approximation for the impulse arc channel radius, 
expansion velocity, pres-sure, density, temperature and 
active resistance /10/. The self-modeling results give 
the space-temporal relations for the impulse arc 
gasdynamic parameters as well /4,5/. For the practical 

calculations (normal density pi = 1,29-KT3 g/cm3) it 
may be applied: 

r3 =9-10-:V6/1/V/2 =9.10-2 k™imVV2, 

T4=2.62-l04k-mrV6i'in, 

/>4=o.2r°3Vo56 (*! = i), 

Ä4=0.35//-°-7^9 (*! = 1),    " 

where   /' = At * - kA, / - arc length, cm, t - \is, r3 - 

cm, T4- K, p4- MPa, R4 - active resistance, Q. The 
same method leads to formulae for the impulse arc in 
water /ll/. In difference with the channel radius 
formula by Braginsky /12/ the expression above are 

applicable for any power parameter £j in discharge 
current approximation. 

3. Impulse arc detonation and deflagration 
stages 

It is known the impulse arc is accompanied by the 
shock wave (front 1-2) propagating in a gas medium 1, 
Joule energy dissipating within the boundary plasma- 
gas layer 3-4 in the wave tail of adiabatic-shell area 2- 

3, fig.2-a. Hugoniot adiabats Hd_d(Q')Q")Q'") and 
the transitions from gas initial state 1 to the plasma 
final conditions 4',4",4'" are shown in the diagram, 
fig.2-b. There are two types of transitions. The first 
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corresponding to initial arc stage 0 £ t 2 rA presents 

the direct transitions 1-4', 1-4", the last in Jouguet 
point J. It.' may be observed the "overpressed 
detonation" according to the transition 1 - 4' of cool gas 

particles (pi,V\) through the heat wave front with 

heating and compression (p^V?), the normal Jouguet 

point J regime approaching the moment tdt. Later on 

(*£'«*) the transitions 1-2-3-4'" occur by the 

shock wave front compression (2) according to shock 

Hugoniot adiabat Hsh , expansion in adiabatic-shell 

area   (2-3)   and   rarefaction   in  plasma  channel 

(3-4'") like a deflagration transition. The diagram 

demonstrates the impulse arc gasdynanic regimes in 
sequence of detonation and deflagration stages 
secondary to energy input decrease as a function of time 

(dashed line 4'-4"(7)-4'"). It is possible to make 
the definite predictions in qualitative analysis and 
interpretation of breakdown impulse arc properties by 
theoretical and experimental methods received. 

4. Conclusions 

The impulse arc channel is an appropriate illustration 
of gasdynamic similarity to the regimes of detonation 
and deflagration of combustible gases previously 
successfully studied. The DD-analogy approach enables 
to make clear and simple solutions to the complicated 
problem of electrical breakdown of gases. • 

5. References. 

[I] E.P. Velikhov, AM. Dykhne: Atomic energy Rev., 
142 (1976) 325 
[2] I.K. Fedchenko, Yu.K. Bobrov: Elektrichestvo, 5 
(1971) 53 (in Russian) 
[3] Yu.K. Bobrov : Zh. Techn. Fiz., 44 (1974) 2340 (in 
Russian) 
[4] Yu.K. Bobrov, M.G. Schats: Techn. Electrodina- 
mica, 3 (1981) 67 (in Russian) 
[5] Yu.K. Bobrov: Zh. Techn. Fiz., 50 (1980) 1621 (in 
Russian) 
[6] Yu.B. Bobrov, V.V. Vikhrev, I.P. Fedotov: Fiz. 
plasmy, 14 (1988) 1222 (in Russian) 
[7] Yu.P.Raizer: Usp. Fiz. Nauk, 108 (1972) 429 (in 
Russian) 
[8] Yu.K. Bobrov: 7-th Int. Symp. on High Voltage 
Engineering, Dresden (1991) 59 
[9] Ya.B. Zeldovich: Zh. Fiz. Khim., 12 (1938) 100 (in 
Russian) 
[10] Yu.B. Bobrov, V.V. Vikhrev, I.P. Fedotov: Techn. 
Electrodinamica, 3 (1988) 3 (in Russian) 
[II] Yu.K. Bobrov, A.A. Matveev, I.P. Fedotov: Techn. 
Elektrodinamika, 5 (1990) 41 (in Russian) 

[12] S.I. Braginsky: Zh. Experim. Techn. Fiz., 34 
(1958) 1548 (in Russian) 

0 1 2   r,mm   3 

Fig. 1. The radial profiles of impulse arc parameters: 
T - temperature, nc - electron number density, p - 

pressure, 8=p/p, - reduced air density (p,=1.29 10^ g/cnr). 

The air gap length - 50 cm, current crest value - 25 kA, 
time to crest - 19 (is, registration time - 4 us [2]. 
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Fig. 2. A - The cylindrical shock wave (1-2) and impulse 
arc channel (3- 4) fronts radial expansions; 
B - Hugoniot adiabates of plasma states (%.d ), shock 
wave C ^4h ) and transitions from the normal state 1 to 
the plasma states : 1-4', 1- 4" (J ) ("detonation"), 1-2-3- 
-4"' ("deflagration "),P- pressure, V - specific volume. 
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Positive-streamer phenomena in positive and negative 
point-plane gaps in hydrogen 

J. Küdelcik, V. Surda, A. Zahoranovä and M.Cernak 
Faculty of Math, and Physics, Comenius University, Mlynska dolina F2, 842 15 Bratislava, Slovakia 

1 Introduction 

Negative corona discharge burning in regime of Trichel 
pulses find widespread applications in applied 
electrostatics. Apparently, from an application point of 
view, it is particularly important that Trichel pulse 
formation be well understood theoretically. Moreover, as 
speculated in [1,2], studies of this particular discharge 
phenomenon are particularly useful in helping to obtain a 
fuller understanding of the development of cathode region 
of high-pressure electrical discharges. 

Our previous results [3-7] show persuasively that the 
major issue in an understanding of the negative corona 
pulse formation is whether the pulse current rise is 
associated with the Townsend ionisation mechanism, or 
whether it can be attributed to a streamer ionisation 
mechanism. It has been hypothesised that the 
characteristic Trichel pulse current shape is generated at 
the arrival of a positive-streamer-like ionising wave at the 
cathode [3-7]. If it is true, than it is realistic to assume 
that the Trichel pulse has much common with the current 
signal induced in a cathode probe hit by the primary 
positive streamer in a positive point-plane geometry. 

The objectives of this paper is to present an 
experimental study on the negative corona current pulses 
and positive corona prebreakdown streamers in hydrogen. 
These results are an extension of our previous work [2-8] 
and augment experimental basis for a general model for 
the formation of an active cathode region at higher gas 
pressures. 

2. Experimental results and discussion 

Discharges were generated in point-plane gaps with the 
electrode spacing S. The point electrodes had radii of 
curvature r0= 0.5 mm and 0.05 mm for negative and 
positive coronas, respectively. In the case of negative 
corona pulses special emphasis was given on determining 
the role played by cathode photoemission. To this end, 
copper iodide, which has an exceptionally high 
photoelectric yield was used as an alternative cathode 
surface material to copper. Current waveforms were 
measured at the cathodes by procedure described in 

details in [7,9]. The positive corona planar cathode had a 
2-diam copper central probe. The measurements were 
limited by the 100 MHz bandwidth of Iwatsu TS-8123 
oscilloscope used 

Figure 1 shows current signal induced in the small 
cathode probe hit by the primary positive streamer in the 
positive corona gap. This current signal resembles close 
that simulated for the streamer arrival at the cathode in 
N2 [8], and its interpretation is clear: The initial current 
spike denoted by "A" is due to the displacement current 
induced in the probe at the streamer approach. The 
following current hump ("B") is due to conductive current 
of incoming positive ions and corresponds to the 
establishment of an abnormal-glow-discharge-type 
cathode region. 

20        40        60        90       100       1»       1«       160       180       200 

Time (ns) 

Fig.l Current signal corresponding to the prebreakdown 
positive streamer measured in the positive corona gap (S 
= 5 mm) at 26.7 kPa and 2.8 kV 

Note, that the streamer trace in H2 is very random and 
experimental scatter in the waveforms like that in Fig. 1 is 
large. This is indicative of low cathode electron 
photoemission during the streamer propagation. 

A waveform of the first negative corona Trichel pulse is 
shown in Fig.2. A current hump (denoted by "Y") on the 
pulse trailing part, following the pulse peak ("X") in 
some X ns, can be seen. Based on the streamer hypothesis 
for the Trichel pulse formation the pulse shape in Fig.2 
can be explain as follows: The initial current rise is due to 
formation of a positive-streamer like ionising wave and 
the pulse peak "X", similarly as the peak "A" in Fig.1, 

XXHIICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-9 

corresponds to a displacement current. The current hump 
"Y" is due to conductive current of incoming positive 
ions. 

x: 
1 x 

»■ * 
i > L^Y \j .v! i^-L-L~l— u j  ! !  i 
\ 

1 1J i  1 1  ;  i\ 

Fig.2 Oscillographs of a complex negative corona pulse 
measured at a pressure of 13.3 kPa and gap voltage of 
3.62 kV. Time scales: (1) 50ns/div, (2) 5 ns/div (3) 500 
ns/div, (4) 50 ns/div 

It is noteworthy that at similar conditions, i.e., 
relatively low pressure and blunt cathode in many gases, 
as for example N2 and air [1], N2+SF6 [3], O2[10], CO 
[5], and CO^ß], a current step on the pulse leading edge 
due to cathode photoemission was observed. Such step, 
however, was absent in hydrogen, which in agreement 
with the above mentioned random motion of the streamer 
in the positive corona gap, indicate low cathode 
secondary photoemission there. 

An attempt was made to observe the step on the leading 
edge of negative corona pulse in H2 using copper iodine 
coated cathode surface, which has an exceptionally high 
photoelectric yield. This gave the surprising result shown 
in Fig. 3 that no negative corona pulse was observed, but 
the current grew exponentially to the breakdown. 

> 
■D 

< 
E 
in 
o 

ü 

1 

2 

Time ( 10 0 n s / d iv) 

Fig.3 Comparison of the current growth waveforms 
measured at 3.3 kPa and 1.25 kV using: (1) Copper 
cathode and (2) Cul-coated cathode 

Such discharge behaviour reminds that observed by 
Korge in pure N2 and can be explained as follows: The 
common shape of the current waveform (1) 
corresponding to a typical negative corona current pulse 
and is due to the discharge development according to the 
streamer mechanisms. The current peak is generated at 
the arrival of the streamer to the cathode. The enhanced 
cathode photoemission obstructed the streamer formation 
and resulted in monotonous current growth that, 
apparently, is due to the discharge development according 
to the Townsend mechanism. This is in line with the 
statistical theory of the transition between the streamer 
and mechanisms [10] 

3. Conclusions 

i) The results provide further support for the positive- 
streamer-based model for the negative corona current 
pulses published in [2-7]. 
ii) The close similarity between the measured current 
waveforms induced in a cathode probe at the streamer 
arrival in H2 and those simulated for N2 in [10], 
indicates that the model is applicable for a wide range of 
gases. 
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Temperature measurements by a spectroscopic method in high-density 
nitrogen positive corona discharges 

M. Nur, A. Denat and N. Bonifaci 
Laboratoire d'Electrostatique et de Materiaux Dielectriques, C.N.R.S - Joseph Fourier University 

BP 166, 38042 Grenoble Cedex 9, France 

Introduction 

Spectroscopic study of corona discharges is one way to 
analyze the physics of these type of discharges. In 
particular, measuring the discharge temperatures gives 
access to information concerning the chemical reactivity 
of the medium [1]. The different temperatures: electronic 
Te, rotational Tr and vibrational Tv can be evaluated 
from the spectral analysis of the light emitted by the 
discharge [2,3,4]. Measurements of Te, Tr and Tv in 
nitrogen at atmospheric pressure (or lower) have already 
been published [3,4,5]. Rotational and vibrational 
temperatures for negative glow discharges in very high 
density nitrogen (up to 2.4xl021 cm-3) have been 
previously reported [6,7]. The aim of the present work 
is to determine the temperatures of positive corona 
discharges occurring in nitrogen at 295 K as a function 
of density (in the range 7.4xl019-7.3xl020 cm"3) and 
voltage by using the method described in [6,7]. 

Experimental methods 

The experimental arrangement has been described 
elsewhere [8] and so, will only be briefly pointed out 
here. The spectroscopic instrumentation is composed of 
Spectrosil B lenses focusing the light discharge onto the 
entrance slit (25 u.m) of a HRS Jobin-Yvon 
spectrograph. The slit can be used to select any part of 
the light area localized at, say, X urn from the tip. The 
spectrograph of 600 mm focal length is equipped with a 
grating of 1200 g/mm and it is coupled to a photodiode 
array detector. This detector, connected to an EG&G 
optical multichannel analyzer, has a 200-850 nm 
spectral range. In order to reduce the dark current, the 
detector was cooled to a temperature of -40°C. The 
nitrogen gas (N60 from Alphagaz) was further purified 
by passage over oxygen and moisture traps [9]. We used 
in this work a point-plane distance d equal to 9 mm and 
a point radius of 5-10 urn. 

Results and discussion 

In all the studied density range, the spectra of positive 
corona discharges in very pure nitrogen consist of the 
second positive system (2s+, C3nu-B3ng), the first 
negative system (Is", B2Lu+-X2Zg+) and, with a weaker 

intensity, the first positive system (ls+. B3ng-A3E+
g) 

of N2- 
Assuming that the population of the molecules in the 
upper electronic state follow a Boltzmann distribution, 
Tr and Tv can be evaluated from a comparison of 
experimental and simulated spectra of vibrational bands 
of a given transition (e.g. Au=-2 of 2s+), taking into 

account the measured instrumental function. The 
temperatures are determined by minimizing the surface 
delimited between experimental and simulated spectra 
[6,7]. Here, Tr and Tv are given for the excited C3FIU 

state. 
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Fig. l.Tr and Tv as a function of the position X. The tip is 
at X=0. N = 3.6xl020 cm"3 and I = 6 uA. 

An example of the variations of Tr and Tv with the 
distance X from the point, for a positive corona 
discharge at a constant value of the current, is given in 
fig. 1. Whatever the density, the values of Tr and Tv are 
independent of the position along the discharge region. 
We have also determined Tr and Tv as a function of the 
nitrogen density, for a discharge mean current of 4 uA 
and, at a X value where the emitted light is maximum 
(fig. 2). 
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Fig. 2. Density dependence of Tr and Tv. 
10' 

As shown in fig. 2, a reasonable agreement is observed 
between our results for Tr and the values of Tr obtained 
by Hartmann [5] for a regime of positive streamers in 
air at atmospheric pressure. Moreover, Tv and Tr both 
increase slightly with density. Fig.3 shows Tr and Tv as 
a function of the discharge current for a given density. 
These temperatures also increase slowly with the 
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current, e.g. for N=2.4xl020 cm"3 and 1=1 and 7 \iA, 
Tv=1400 and 1500 K and Tr=400 and 500 K 
respectively (Fig.3). This behaviour can be explained by 
the increasing of the electron density with the current, 
which produces greater rotational and vibrational 
excitations of the molecules [7]. 

2000 

1500 

1000 

500 

0 

;T [K] 
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Fig.3. Tr and Tv against discharge current. 

The first negative system of N2+ is detected from low 
density (7.4x10^ cm"3) until high density (up to 
2.4xl020 cm"3) of nitrogen. The relative intensities of 
the N2(2s+) and N2+(ls") bands, can be used to evaluate 
the electron mean energy (or electronic temperature) in 
the discharge [4]. To do this we have measured the ratio 
of two very close bands: the 1(0,0) band of the Is" 

transition on 1(2,5) Dand of the 2s+ transition. 
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Present results 
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Fig. 4: The electronic temperature as a function of 
density. 

If we suppose a direct excitation of the second positive 
and the first negative systems and that the electron 
energy distribution is maxwellian , the mean electronic 
energy <e> or "electronic temperature" kTe can be 
computed [4]. The deactivation rates are taken from [10] 
and [4]. 
Fig. 4 shows plots of kTe versus the gas density. This 
temperature is practically independent of density (in the 
range of our experiments). Our values of kTe are also in 
good agreement with Hartmann's values [5]. 
The typical dependence of kTe on the discharge current 
taken at a nitrogen density of 1.2x10^ cm"3 is given in 
Fig. 5. We can remark here, kTe tends to be constant 
with discharge current in our experiment condition 
(from2 to 10 |lA). Whatever the density, this tendency 
has been observed. 
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Fig. 5. Electronic temperature as a function of discharge 
current. N = 1.2xl020 cm"3. 

In all our experiments, the electronic temperature is 
much greater than the vibrational and rotational 
temperatures, the vibrational temperature being greater 
than the rotational one. This indicates that the positive 
corona discharge, even at the highest pressure, is a non- 
equilibrium plasma. 

Conclusion 

In nitrogen, the determination of temperatures, deduced 
from a comparison of experimental and simulated 
spectra, can be made from low density to very high 
density. For positive corona discharges, on the contrary 
of negative ones, the evaluation of the electronic 
temperature can be obtained from the analysis of the 
second positive and the first negative systems of 
nitrogen. 
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Introduction 

The effect of gas density on electron and ion transport in 
nitrogen and argon have been reported by a number of 
authors [1-6]. Most of these studies were made in plane 
parallel geometry by using a time of flight method 
(called here direct method). For example, Bartels [1] 
studied electron drift velocity in argon for E/N values 
down to 2x 10~21 Vcm^, where electrons are in thermal 
equilibrium with the gas. Borghesani et al [2] did 
measurements on high density argon gas. Allen and 
Prew [4] measured electron drift velocity at room 
temperature in a range of E/N where electrons are not 
thermalized (around lO"1^ Vcm^). 
Conduction phenomena (charge transport, charge 
creation, prebreakdown and breakdown processes) depend 
on gas density as well as on fluid nature and purity and, 
electrode configuration. In point-plane geometry, in 
some conditions it is possible to evaluate ion mobility 
from current-voltage characteristics [7,8]. However, as 
far as we know, no results concerning electronic charge 
carriers have been published when using this method. 
In this paper, we present some results of non-thermal 
electron mobility measurements, deduced from I(V) 
characteristics of negative corona (this is an indirect 
determination of mobility), in argon and nitrogen gases 
over a wide range of density (3xl0^<N<3xl021 cm"^) 
at room temperature. The results which depend greatly 
on gas purification are discussed and compared to those 
obtained by other authors by a direct method. 

Experimental techniques 

The starting materials were nitrogen and argon gases 
(N60 from Alphagaz). The purification line consisted of 
a series of traps. First, an Oxisorb cartridge operating at 
room temperature eliminates oxygen and water. Then, a 
trap filled with a mixture of molecular sieves (3A to 
10A) and charcoal, activated under vacuum typically at 
350°C for 3 days, is cooled to -110°C (using a mixture 
of LN2 + acetone) to increase its adsorption capacity for 
CO2, CO, CnHm and water. The gas was then 
transferred into a stainless-steel coaxial cell which was 
previously pumped to about 10"^ Pa using a 
turbomolecular pump before filling. This cell could 
withstand pressures up to 10 MPa. After initial cleaning 
and assembly, vacuum leak tests were carried out 
assuming that there are no leaks larger than 10"8 Pa 
m^s"1 which is the highest sensitivity of our helium 
leak tester. Then, the experimental test cell and the 
pipes have been cleaned to a high degree of purity by 
making the same gas circulating several times through 
them and the purification line before measurements 
(about 20 times). 

Point electrodes, made by electrolytic etching of a 
tungsten wire, were used opposite a stainless steel plane 
electrode. Tip radii of the points were in the range 5-15 
(J.m while the point-plane distance d was 8-12 mm. 

Results and discussion 

In all our experiments with well purified gases (= 20 
passages through the purification line), a localized and 
stable negative corona regime occurs above a threshold 
voltage Vs. For V=VS, the current increases abruptly - 
from a non detectable value, i.e. <10-14 A, to some 100 
uA - and it appears to be continuous and space charge 
limited according to the saturation current limit 
established by Sigmond [7] : Is=2ne0V2/d (1). 
Here |i is the mobility, e0 the permitivity and V the 
voltage. The spatial and spectral analysis of the emitted 
light has shown that the maximum length of the corona 
region is about 1 mm. In these conditions, the unipolar 
transport region is close to d and the apparent mobility 
of the charge carriers can be deduced from current-voltage 
curves, 

lo'f 

°L 0" 1 0- X 0" 1 0i; 

Fig.l: Apparent mobility versus density for purified 
(present results) and non-purified [8] argon. Data for 
thermal electrons [1,2,6] and for non-thermal electrons [4]. 

For similar conditions (same point radius and gap 
distance), the value of the space charge limited current 
(SCLC) decreases with the residence time of the gas in 
the test cell (this corresponds to degradation of its purity 
level) when Vs is independent of it. After several days 
inside the cell or for a non-purified gas, the SCLC 
becomes composed of pulses and its mean value follows 
the Townsend approximation: Is=Cu.e0V(V-V0)/d (2) 
where C is a constant for a given point radius [7]. 
The density-normalized electric field strength, E/N, is an 
important parameter for transport phenomena. For 
point-plane geometry in the SCLC regime, the mean 
electric field in the transport zone can be estimated to be 
of the order of V/d [9] and consequently E/NsV/dN. 
However, V can only be varied between the threshold 
voltage Vs and the breakdown voltage VD and as Vs and 
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Vb are function of density, the available range of V/dN 
values is limited and roughly independent of N. 
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Fig.2: Idem to fig. 1 for purified (present results) and non- 
purified [8] nitrogen. Mobilities of O2" from [11] 

For our better purified gases, apparent mobilities 
deduced from I(V) curves (by using equ. 1) are shown in 
figure 1 for argon and figure 2 for nitrogen. The 
experimental data of thermal and non-thermal electron 
mobilities measured by a direct method by other authors 
[1-6] are also marked on the corresponding figures. Our 
mobilities which correspond to V/dN values comprised 
in the range 0.5xlO_17-3xlO"17 Vcm2, are in good 
agreement with experimental data of [4] for non thermal 
electron mobilities in the same range of E/N. 
This indicates that, for a negative glow corona in well- 
purified non-electronegative gas, charge carriers are hot 
electrons and that their apparent mobility can really be 
evaluated from I(V) characteristics. 

1 0' 

1 o' 

1 0' 

1 0' 

h "s 

I I      I     I   I  I I I I I I      I    I   I   I TTT 

IB N2, present results 

S Ar,' present results 

♦ Ar,t2] 

..A-*.. ■*--«--«"* f.~*.*».*^~= 
z 

y.J.y.. I ■N-{«m*?i A- 
1    1   1  1 1 1 

10" to" 10" 10" 
Fig. 3. Experimental density-normalized thermal and non- 
thermal electrons mobilities U.N as a function of nitrogen 
and argon density. 

After a residence time of several days of the gas in the 
test cell or without purification of the gas circuit [8], 
charge carriers mobility deduced from I(V) curves (by 
using equ. 1 or 2) decreases with time up to reach, after 
a long time, a mobility close to that of 02" ions (see 
fig. 1 and 2). The time needed to get ionic mobility 
decreases when the gas density increases. This is 
consistent with a three body attachment process of 
electron on oxygen impurity represented by the 
equation: X+Ü2+e -> X+O2" 
In this case, the attachment efficiency increases with gas 
density as a result of an electron lifetime decreasing as 
N"2. Here X is Ar or N2. 

In fig. (3) we show the density-normalized non-thermal 
electron mobilities (p.EN) with density N. QiEN) tends to 
be constant with density. This tendency is very 
interesting if we compare with the zero field density- 
normalized mobility (u.()N) . Ar and N2 are typical 
example of two kinds of behavior in gases: N2 show a 
negative effect i.e. (|irjN) decreases with increasing 
density. On the other hand, Ar show a positive density 
effect i.e. (HoN) increases with increasing density. A 
number of multiple scattering theories has been 
developed to account for the experimental observations 
[12]. However these theories were developed in the limit 
of small electric field (E=0). None of them is able to 
account for all of the observed phenomena, in particular 
the observed field dependence of the mobility at a given 
density. 

Conclusion 

We have shown that when using well purified gases, 
one could obtain, with point-plane geometry, reliable 
indirect measurements of mobility as a function of 
density and electric field. The large influence of the 
degree of impurities has been stressed out, the mobility 
values decreasing from that corresponding to non- 
thermal electrons to that of ions. Single scattering 
theory seems to be followed over a large range of 
density; however it would be of great interest to study 
carrefully the behavior near the critical point where as a 
contrary multiple scattering phenomena become 
important for thermal electron. 
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1. Introduction 
Pulsed corona discharge is considered as a promising 

generator of non-equilibrium plasma at atmospheric 
pressure for environmental applications. For predicting 
the removal efficiency for different pollutants ( NOx, 
SOx, hydrocarbons ... ) the determination of plasma 
(streamer) parameters is important and interesting 
subject for experimental as well as numerical studies. A 
powerful diagnostic tool to this purpose is time- 
resolved multichannel emission spectroscopy. Using 
this technique we have analyzed N2-2.positive system 
(C3nu-»B3rig) emission produced in pulsed positive 
corona discharge in pure nitrogen. 

2. Experimental set-up 
Details of the corona discharge experiment can be 

found in [1]. Corona is generated in coaxial geometry 
with Ag coated Cu central wire anode (0=0.75 mm) 
and grounded stainless steel cylinder ( O = 56 mm ). 
Pulsed HV power supply with maximum Tatings 100 
kV/lkA/ 7 ns risetime/ -100ns fall time delivers up to 
2 J/pulse with up to 10Hz repetition rate at atmospheric 
pressure into the discharge volume ~ 1500 cm3. 

Emission coming out of the discharge region is 
observed along the symmetry axis through quartz 
window and collecting optics by ISA Jobin Yvon 
HR320 monochromator equipped with Princeton 
Instruments.inc. intensified ( proximity focused MCP 
image intensifier gated through FG-100 Gate Pulse 
Generator ) multichannel array detector IRY512/G/B . 
Spectra acquisition is performed through ISA J.Y. 
Spectralink controller and SpectraMax software. 

Time resolution down to 25 nanoseconds with the 
jitter ± 5 ns has been obtained by synchronizing 
Spectralink data acquisition system and FG-100 pulser 
with the HV circuitry for the corona discharge. Position 
of the gate for microchannel plate intensifier has been 
controlled observing FG-100 pulse monitor output 
simultaneously with corona current and voltage on high 
speed digitizing HP54542A oscilloscope. 

Corona discharge was operated under single shot 
regime or with 1 Hz repetition frequency. Constant 
flow ( 4000 seem ) of nitrogen (99.999) was 
maintained through the reactor at atmospheric pressure 

80.0E+3 

60.0E+3 

»40.0E+3 ■■ 

20.0E+3 ■ ■ 

000.0E+0 

delay_l del>y_4... 
1000 

Fig. 1 Corona current,voltage and FG100 pulse monitor 

(in order to reduce the leak of air the discharge pressure 
was kept ~30 Torr over the ambient pressure). For 
each position of the FG-100 gate with respect to corona 
pulse single PDA acquisitions were stored in the case of 
single shot spectra or 100 pulses were averaged in the 
case of 1 Hz repetition frequency. The Av = -1,-2 
sequences of N2-2.positive system (C3nu-»B3ng) 
were stored and treated as described in [2]. 

3. Results and discussion 
We have taken two data sets. In the first set FG-100 

gate (25 ns) was moved inside corona pulse (Fig.l) to 
monitor possible intensity changes in emission during 
active corona current pulse with present electric field. 
In the second set emission during and just after corona 
current pulse ( with gate of 200 ns or 2.5 (is 
respectively) was averaged. 

Generally all acquired 2.positive system spectra show 
very cold C3nu-state vibrational distribution both 
during HV pulse and afterglow. Results for v=0,l,2 
levels are summarized in Tab.l and Tab.2. Under the 
discharge conditions (Tab.2) we observe decrease of 
v=l level population with respect to v=0 with slight 
increase at the end of the pulse. This may reflect the 
evolution of EEDF during discharge. Comparison of 
distributions averaged over all HV pulse and in the 
afterglow (Tab.l) shows increasing relative population 
of v=l level in the afterglow. This may indicate relative 
change in importance of different processes producing 
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C-state under discharge and post-discharge conditions. 
Because of short length of HV pulse the C3nu-state 
distribution during discharge period is influenced by 
limited number of processes : transfer of energy of free 
electrons towards nitrogen (i),(iii), radiative and 
collisional quenching of C3nu-state (iv)-(vi). Important 
can be the influence of energy redistribution within 
nitrogen ground state vibrational manifold (ii) which 
can significantly lower the excitation threshold for 
direct excitation (iii). In the afterglow, energetic 
electrons as a source of N2 internal excitation (i),(üi) 
quickly relax, consequently most of internal energy 
redistribution goes through heavy particle collisions 
(ii),(v),(vi) and, in addition, pooling reactions may 
become dominant source for C3nu-state excitation (vii). 

N2(v) + e' -> N2(v*>v) + e 

N2(v) + N2(w) -> N2(v') + N2(w') 

N2(v) + e -> N2(C
3nu,v') + e 

N2(C
3nu,v) -► N^I^y) + hv (2.PG) 

N2(C
3nu,v) + M -> N2 + M 

N2(c
3nu,v) + N2 -»N2(C

3nuy) + N2, V<V 

N2(A
3Eu,v) + N2(A

3Zu,w) -> N2(C
3nu,v) + N2(v) 

(i) 

(Ü) 

(iii) 

(iv) 

(v) 

(vi) 

(vii) 

We have analyzed observed C3nu - state vibrational 
distribution using kinetic model [3], assuming both 
Maxwellian (Te=l-10eV) and Druyvestein «e>=2-3 eV) 
EEDF as well as both Boltzmann (Tv=500-3000 K) and 
modified Treanor (9*1=2000-2500 K, Tg=300 K, with a 
plateau extending up to vD<10-15 and deactivated tail 
at TD=1000 K up to v<25) vibrational distribution for 
N2 ground state . Some examples of such model 
distributions together with experimental results from 
Tab. 1 are on Fig.2. It seems that observed vibrational 
distributions cannot be well explained on the base of 
excitation/relaxation model using overall quenching 
coefficients for the C3nu - state vibrational levels and 
within the range of other model parameters (even using 
quite low EEDF parameters). Actually there are at least 
two points in C3nu state excitation model requiring 
further improvement. 
(1) Considering that overall quenching rate of C-state 
at atmospheric pressure by N2 (~ 4-108 s"1 [4]) is about 
one order higher than radiative one (-3-107 s''[5]) , 
more information on vibrationally dependent rate 
coefficients for electronic quenching (v) as well as for 
vibrational quenching (vi) is necessary. 
(2) Set of excitation rate coefficients for process (iii) 
was calculated using Franck-Condon scaled Cartwright 
cross section approximation [6]. However strong non- 
Franck-Condon excitation of vibrational levels in the 
near-threshold region has been recently observed ( the 
ratios of v-1,2 cross section to that of v-0 are close to 
FCF ratios only close electron energy -14 eV) [7]. 

More complex analysis including study of N2(B
3nu) 

and NO(A2n) state excitation is in progress. 

0 1 2 
vibrational number 

Fig.2 : N2(C
3nu ,v)-state distributions. Experimental 

results : El) HV pulse, E2) afterglow; model results : 
Ml) MaxwEEDF T«=8 eV and BoltzVDF Tv=1000 K, 
M2) MaxwEEDF T,=l eV and BoltzVDF Tv=1000 K, 
M3) Druyvesteyn EEDF (e>=2.5 eV, Treanor VDF 

9*,=2500 K, Tg=300 K, vD=10,TD=1000 K, v<;25. 
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Tab.l Averaged N2(C
3nu ,v) - state distribution 

over HV pulse and in afterglow. 

v HV pulse afterglow 
0 1 1 
1 0.14 0.27 
2 0.016 0.06 

Tab.2 : Evolution of N2(C
3nu ,v) - state vibrational 

distribution inside HV pulse. 

V delay 1 delay 2 delay 3 delay 4 delay 5 
0 1 1 1 1 1 
1 0.16 0.113 0.094 0.091 0.114 
2 0.08 0.025 0.015 0.016 - 
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Abstract 

the study of the local discharge propagation 
direction on the solution surface of high voltage 
laboratory insulator of two electrolyte water channels 
is presented. The experimental results show that the 
local discharge propagation direction is influenced by 
the magnitude of the channel current when the gradient 
of potential in the electrolyte are approximately the 
same. On the other hand, under different gradient, the 
discharge moves on the direction of the channel where 
high gradient is expected. 

/ Introduction 

Because of the difficulty to carried out experiment 
on real polluted insulator, laboratory insulator has been 
proposed. The well known experimental apparatus is 
Obenaus model with one direction of the discharge 
propagation[l]. The characteristics and mechanism of 
the discharge development have been reported[2][3][4]. 

Hampton predicted that the local discharge started to 
elongate when the gradient of potential in the pollution 
is high than that of the column of the discharge [2]. 

Wilkins explained the discharge propagation by the 
increase of the discharge current[3]. 

At present, only quantitative explanations have been 
reported,  but  were   not  verified.   Under  Obenaus 
condition, it is difficult to distinct between Hampton 
and Wilkin's assumptions. 

In the present investigation, to clarify the 
mechanism of the flashover phenomena, experiments 
were carried out on laboratory insulator of two 
electrolyte water channels giving to the local discharge 
two directions of propagation under controlled of 
gradient of potential, channel current and channel 
length. 

2 Electrical description 

An example of the cell used to carried out 
experiments is shown in figure 1. The point electrode 
was placed at the intersection of the channel 1 and 2 
at few mm above the aqueous solution of NaCl to 
simulate the surface of wet polluted insulator. The 
channel length Li and L2 are defined as the axial 
distance from the point to the ground electrode, n or r2 

and Ii or I2 represented the resistance of the electrolyte 

by unit of length and the current in the channel 1 and 2 
respectively. 

Electrode H.V. 
Discharge 

bisidator (NaCl+ HJ>) 
Electrolyte 

Figure 1 

3 Static characteristic 

The gradient of potential of the channel 1 and 2 are 
estimated at the local discharge length h. 

E,=Uab/L, = n.I,  (1), E2=Uab/L2 = r2.I2 (2) 

Table 1: Experimental results - 
h(cm) Volfage{KV) Discharge 

direction 
Ll-10cm 
Rl=25KIi U-12 
L2 = 10cm 0.5 U = 13.2 Channel 1 
R2 = 50Kfl U = 14 
E1-E2 U-16 
RKR2 
LI -15 cm 
R1-37.5KQ U-7 
L2-5cm 03 U-8 Channel 2 
R2-25KQ U-10 
E1<E2 
R1>R2 
LI = 14.2 cm 
Rl-35.5Kn 
L2 = 10 cm 03 U = 12 Channel 2 
R2 = 50KQ U = 13.2 
EKE2 
RKR2 

3 Experimental results 

In the following experiment, the gradient of 
potential  and    the channel   current  are  compared 
under the condition of the local discharge length h. 

When the gradient of potential of the channel 1 (Ei) 
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in the electrolyte in front of the local discharge tip is 
approximately equal to E2 of the channel 2, the 
discharge moves on the direction of the channel 1. 

In the case of high gradient of potential E2>Ei and 
the resistance of electrolyte in the channel 2 (R^ is 
high than that of the channel 1 (R,), the local 
discharge propagates on the solution surface of the 
channel 2. 

When E2 is kept high than that of Ei and 
Ri=37.5kfl>R2=50kQ, the discharge moves on the 
direction of the channel 2. 

To know about the influence of the channel length 
on the local discharge propagation, resistance ohmic 
RQ is added to channel 2. 

The experimental results in the table 2 shows that 
the local discharge can elongate towards the channel of 
high gradient of potential or high magnitude of 
current of long or short channel length. 

Table2: Experimental results 
R2T-R2 + RQ h(cm) Voltage Discharge 

(KV) direction 
LI -10 cm, Rl-50 KB 13.5 
L2- 5 on,R2-25KQ 0.5 
R2-30KQJt2T-55KQ Channel 1 
El > E2, L1>L2JM<R2T 
rl-r2-5KQ/cm 
LI -10 cm, Rl - 26.8 KQ 0.5 10 
L2«6cm,R2-16KD 
R2-5KOR2T-21KQ Channel 2 
El < E2, L1>L2,R1>R2T 
rl-r2-2.68 KO/cm 
LI -10 cm, Rl - 26.8 Kfl 0.5 11 
L2 -   63 cm, R2 - 16.88 
KQ Channel 1 or 2 
R2 - 10 KQJt2T - 26.8 
KQ 
El - E2, L1>L2 JU<R2T • 
rl-r2-2.68KO/cm 
LI -12 cm, Rl-64 Kil 10 
L2 - 4 cm, R2 -18 Kii 0.5 
R2-5KQJ12T-23KQ Channel2 
El < E2, L1>L2,R1>R2T 
rl-r2= 4.5 KQ/cm ... 

4 Discussion 

When Ei=E2, the evolution of the discharge on 
the channel of low electrolyte resistance, the authors 
suggested that the discharge direction is affected by 
the magnitude of the channel current. 

In ours results, maybe Hampton's condition is 
expected in both channels because Ei=E2. But 
experimentally, the flashover is observed only in the 
channel of high magnitude of current. Under different 
gradient of potential, the local discharge moves on the 
channel of high gradient independently of the channel 
current. 

If it was supposed that the local discharge moves 
onthe channel 1 or 2, the increase of the discharge 
current is expected in both conditions. So, the 
discharge development can not explained only by 
Wilkin's condition[3]. 

The local discharge appears to propagate by 
ionizing of a small space air in the front of the local 
discharge tip[3]. In ours results, the discharge 
development on the channel of high gradient of 
potential could be explained by an important ionization 
due to the high electric field near the local discharge 
tip. Under this condition, the current flowing from the 
discharge tip through the solution surface has no effect 
on the discharge direction. 

The photoemission intensity from the local discharge 
tip has an important role in the propagation of the local 
discharge on the surface solution and is considered to 
be influenced by the current flowing into the solution 
through the local discharge tip[5]. 

When the gradient of potential Ei=E2, the same 
ionization by the electric field in front of the local 
discharge tip is expected in both channels. Under this 
condition, may be the channel current giving high 
iniatory of electron by the phoemission which affected 
the discharge direction. 

The propagation of the local discharge on the 
channel of high gradient of potential with low channel 
current, the authors suggested that the ionization 
process by the electric field is more effective to drive 
the local discharge towards the flashover compared to 
that of the photoemission. 

5 Conclusion 

The influence of the gradient of potential, current in 
the channel and channel length on the local discharge 
propagation direction towards the flashover has been 
investigated experimentally: 

1) When the gradient of potential in the pollution of 
both channels are approximatelly the same, the 
flashover is observed on the channel of high current. 

2) When the gradient of potential are different, the 
discharge choices the direction of the channel of high 
gradient independently of the channel current or the 
channel length. 

From these results, it was deduced that the gradient 
of potential in the pollution in front of the local 
discharge tip plays an important role for the discharge 
propagation compared to that of the channel current. 
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Background 

In a recent paper [1] the characteristics of the 
transition from a pulsed to a pulseless regime mid-way 
in the current range for a point-plane negative 
discharge were discussed where the gap separations d 
were ic the range 4-20 mm. Although the transition 
is smooth rather than abrupt, it is nevertheless quite 
distinct and can be clearly identified in the plots of the 
central peak of the planar current j, against the overall 

current /. It has also been shown to be associated with 
the disappearance of the central current-dimple [2] in 
the planar current profiles, so that Warburg's law is 
exactly obeyed, and with the planar current disc 
attaining its asymptotic diameter. Briefly, it was shown 
from the measurements that transition occurs when I 
has a critical value Ie(d) given by 

Ic(d) = Cd where C = 15nA/mm      (1) 

and when /, has the critical value je given by 

jc{d) = D/d where D = 7-5|iA/mm    (2) 

which can be confirmed theoretically. Above the 
transition, the central planar current /, obeys the 

exponential law 

j. =j,{d)exp(a{d)l) (3) 

where 
I oc ]/d and a oc yd" (4) 

so that the current on the central axis of the discharge 
rapidly increases with the total current / or voltage V. 
These are the relevant findings as far as the present 
paper is concerned. However, many other qualitative 
and quantitative properties of the transition and of the 
region that lies beyond it were presented in the original 
paper [1]. 

The reason put forward for both the transition 
and the behaviour of the pulseless regime leading to 
breakdown is the axial gas heating in the central 
channel. It was suggested [1] that this is associated 
with a critical energy deposition by the ionic currents in 
the region beneath the coronating point This 
suggestion is in line with the observations of Kurimoto 
and Farish [3] and with the breakdown theory for 
positive coronae proposed by Marode [4]. The present 
paper gives an initial survey of the theory of this 
heating and quantifies the rate of temperature increase 
for these small-scale negative discharges in air. 

Gas Heating by Ionic Currents 

Current distributions j do work at a rate per 
unit volume given by 

E j = up E1 (5) 

where E is the electric field, p is the ionic mobility 

and p is the charge density. This is the rate at which 
the electrostatic energy is transferred to the thermal 
free-energy of the gas [5], so that the rate of increase of 
energy per molecule is ftpE'/n where n is the number 

density of neutral molecules (much larger than the 
number density of ions). As gas temperature can be 
defined by the classical form 

2  11     , 
lR2mq (6) 

where \rriq1 is the mean kinetic energy per molecule 
and R = 1-379 x 10" kgm'/s'K is Boltzmann's 
constant,   the   local   rate  of increase   of the   gas 
temperature is given by 

2   1 
iw^w- (7) 

The above form (7) is true for the drift region 
and the glow, the reasoning for the glow region being 
as follows: if a charge-carrier (ion or electron) is being 
created at a rate rt , k = 1... at any point, then for each 
type of carrier, the electrostatic field is supplying 
energy at a rate rt 0 where ^ is the local electrostatic 
potential. However, summing over the carriers shows 
the total of this energy supply £ rt tp to be zero as 0 

is independent of k and ]jT rt = 0 (charge cannot be 

created or destroyed but only separated). 

Temperature Increase in the Pulsed Regime 

As part of a comprehensive study [6, 7], finite- 
element techniques have been used to solve the field 
equations with a gap separation d of 10mm and an 
overall current / of 100 uA in a negative DC discharge. 
Transition at this gap separation takes place at about 
ISO uA [1] so that the solution is typical of the pulsed 
regime. As the temperatures in the central channel are 
the largest in the interelectrode gap, the numerical 
solution for E and j has been used to give the rate of 
heating on the axis as a function of the upward distance 
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z from the plane. Note that the neutral molecule 
density »=2-5x 10" for air. Results are given in the 
figure. As can be seen, rates of temperature increase 
for the lower half of the gap are circa 500 K/s; in the 
upper half temperature rates increase steeply so that in 
the vicinity of the tip near the edge of the glow, (not 
shown) they are of the order 10* K/s. 

Axial rates of heating plotted against distance zfbrd = 10mm 

Temperature   Increases   in   the   Pulseless 
Regime 

In the absence of accurate numerical results 
for pulseless coronae, reasonable estimates of field 
values in the gap have to be used in this preliminary 
study. Only on the plane are measured values of the 
current distribution known [1], and even here accurate 
values are obscured by measurement difficulties [8]. 
There are good reasons for thinking that true values are 
higher than the "measured" values which are spatial 
averages. Taking a gap separation d of 10 mm, the 
shown tabular estimates of the temperature rates of 
increase have been obtained from known theoretical 
relationships. For example, there is Warburg's general 
form [9] giving the current-voltage-separation 
relationship; and also asymptotic charge-drift methods 
[10] which show that the average planar values of the 
charge density, current and power transfer are 
£,V/d' , e, fiV'/d' and s,Mv7d' respectively ( here 

ff0 is permittivity). The range of quoted values run 
from transition upwards (breakdown was not risked in 
the experiments in order to protect the apparatus). 

Plane centre Drift avenge Glow tip on axis 

£(kV/mni = 10'V/m) 

/(jiA/mm    - A/m ) 

temperature rate (K/») 

0-6-O-8 + 

0-7-2-0 + 

850-3^00 + 

1-2-1-7 + 

0-27 —0-55 + 

650 —1,900 + 

2-5 

3-5 —10 + 

17,500 -50,000+ 

Conclusions 

Given the previously mentioned likely increase 
of true current values over measured values because of 
the averaging effect of current probes, it seem that the 
temperature rates of increase (heating effects) in the 
pulseless regime are considerably larger than those for 
pulsed corona. Moreover, the volume where this 
heating effect is significant (the central channel) is 
strongly localized in the region near the central axis. 
These findings support the suggestion of a critical 
energy. Readers should note the the quoted values are 
only notional rates of heating as there are cooling 
mechanisms (conduction, convection, the electric wind) 
present to counteract the heating so that stable constant 
temperature situations exist Nevertheless, the quoted 
values seem to be in line with the suggested 500 K 
excess temperature values of the initial study [1]. 
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GAS TEMPERATURE ESTIMATIONS FOR SMALL-SCALE 
NEGATIVE DC CORONA DISCHARGES IN AIR 

J. E. JONES 
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Introduction 

The voltage range for small scale point-plane 
negative DC corona in air can be divided into two 
regimes [1J. At lower voltages V the discharge is 
pulsed and displays the characteristics of an increasing 
planar current radius and a central dimple-like 
suppression of the Warburgian current [2]. There 
follows a smooth transition whose mathematical 
description can be found in another paper in these 
proceedings [3]. At higher voltages the discharge is 
pulseless with a fixed planar current radius and an 
axial current augmentation that behaves exponentially 
with the total current /. The coefficients of this 
exponential law are dependent on the gap separation d 
[1,3], and breakdown is approached as the 
voltage/current is further increased. 

In the original paper [1], the reason put 
forward for the transition and the formation of the 
axial current channel was the gas temperature increase 
associated with a critical energy deposition by the 
ionic currents. This corresponds to the suggestions of 
other researchers [4,5]. As pressure p = nRT (usual 
notation) will not vary greatly across the gap, an 
increased axial temperature T implies a reduced gas 
molecule number density n in the central region. 
Values of E/n on the Paschen characteristic are 
increased so preparing the gap for breakdown. In the 
inaugural paper [1], a 500K estimate of this 
temperature was given for the pulseless regime that 
was based on the work of Yamada et al. [6]. Here, a 
theory based on the balance between ionic heating and 
conduction leads to alternative temperature 
predications based on the field equations. 

The Temperature Distribution 

In a sister paper in these proceedings [3] it is 
shown that the local rate of gas heating by ionic 
currents in both the drift and glow regions is 

2   1   „ .      2   1 
iiu;Ej = it;wE* (1) 

where R is Boltzmann's constant, j is spatial current 
magnitude, E is field strength, (i is mobility and p is 
space charge density. Estimates for the size of the 
axial heating in K/s for both the pulsed and the 

pulseless regime are given in the paper. This is a 
notional rate of heating, however, as conduction, 
convection, the electric wind etc. counterbalance the 
heating so that a stable situation exists. In this paper, 
only the conduction of the gas in the axial direction is 
taken into account. Perhaps this is an over- 
simplification leading to exaggerated values, but it 
seems a reasonable way forward at this stage in the 
development of a theory. 

The local rate of temperature increase by 
conduction is 

k       d7T 
77 (2) mnC, 

where 4 is the conduction coefficient, m the mean 
molecular mass,   C,   the specific heat at constant 

volume and z is  the axial coordinate measured 
upwards from the plane.  This is an ordinary Fourier 
expression as the radial Laplacian terms have been 
omitted.    As this rate of increase is given by the 
transfer of energy from the electrostatic field (1), it 
follows that 

d2T _  2 M]R£_      ,_ 2 
1-T = T    to   PE   =YPE (3) dzl 3    kR 

defining the coefficient y. Using a classical approach 
[6] it can be shown that y\s temperature invariant. 

Charge Drift Field Estimations 

Charge continuity when viewed from a 
Lagrangian point of view [7] results in the charge drift 
equation 

dp _     fx   2 
(4) 

(5) 

which is easily integrated to give 

1 - -L = — 
P      Po  ~ Mt 

where t is the time of flight, pt is the initial density 

and e is permittivity. As stated in the original paper 
[1], there are arguments that can be put forward to 
justify the assumption of a uniform electric field in 
the gap. At a central position at a distance z above the 
plane, the time of flight from the point would therefore 
be 

(6) 
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so that an upper bound (asymptote) for p is 

p=jr^ä *' = £tfo***« 
Using the above in equation (3) gives 

d2T =     ysV rd 
dz2      (d - z)d> ~ d-z 

using p and defining r, and 
d2T _ yeV* _ r 

dz' 

using the simpler form p . 

d* 

(7) 

(8) 

(9) 

Integration of the forms (8)  and  (9)  is 
straightforward and results in 

T-T0 = rd (d - z) In {^~^ + z\ (10) 

and 
p 

T - T  = — z2 
(ID 

respectively, where T0 is the ambient temperature. 

Here the boundary conditions T = T0 at z = 0 and 

dT 
dz 

= 0 at z - 0 are used which are reasonable. 

Hence the temperature adjacent to the tip at z = d is 
given by 

T - T0 = rd2 or 
rd2 

(12) 

depending on whether form (10) or (11) is used. 
Further consideration of the charge drift theory [7] 
shows that these are bounds of the, linearized 
conduction equation (3). 

Numerical Results and Discussion 

The standard values 
fi = 1-8X10-4  V/ms, m = 6xl0"M kg, 

s = 8-85xl0-12 C'/Nm2,R = l-4xlO_akgm2/s1K 

k/C, = 3-3xl0"5kg/ms (viscous coefficient)   (13) 

were used with the published values [1]. In the 
experiments, gap separations d were in the range 4-18 
mm, and transitional total current values were 
deduced to be given by 

Ic = Cd (14) 

where C = 15 jxA/mm, if Ic is measured in uA and d 

in mm. Hence, by Warburg's general form in which 
/(/varies as V1, it follows that 

-T s 1-34kV/mm 
a (15) 

at transition. The range of V above transition was 
restricted in order not to risk equipment damage at 
breakdown, but voltage values increase by at least 50% 

above transition. The (Y/d) term in /"therefore 

increases by at least a factor of 3. 

As can be seen from equations (3), (8) and 
(9), the temperature excess varies as iy/d) d, so that 

taking d = 10 mm as a reference value, the bounds 
given by equation (12) for T~Tt at transition are 

-      690 K £ T-T0 £ 1380K. (16) 

If, for example, bounds for d » 4 mm are required then 
they will be 40% of the above. As radial conduction, 
convection etc. have been ignored, it is the lower of 
the bounds that is likely to be of the order of the 
magnitude of the true temperatures; and this 
corresponds to the 500 K prediction of the original 
paper [1]. When breakdown is approached, using the 
previously explained factor of ~ 3 it seems that 
temperature excesses for d = 10 min could be as much 
as 

2.000K £ T-T0 £ 5,000K. (17) 

However, other physical effects of the sorts already 
mentioned are likely to substantially attenuate these 
temperatures. Nevertheless, the linearized theory of 
gas conduction implies gas temperature excesses of at 
least several hundred degrees, possibly a few 
thousand, in the central current channel for the 
pulseless regime. 
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Introduction 

The calculus of variations gives rise to 
perhaps the most powerful techniques for solving 
problems in mathematical physics. But as with most 
methods there are strengths and weaknesses. For 
example, there are occasions when integral functionals 
are physically meaninglesss even though their 
extremals are based on physical principles. There are 
also difficulties if the integral is an exact differential 
as the Euler-Lagrange equation is identically zero; and 
not all of the governing equations of phenomena can 
be associated with the variation of an integral. 
Nevertheless, the success of variational techniques in 
the field problems of electrostatics is well-known. 

In the theory of corona discharges the two 
main equations to be solved are Poisson's equation 
and the charge continuity equation. As an alternative 
to the latter, charge drift methods can be used [2-6], 
and variational principles for the two field equations 
have been established. In this new formulation [2, 4, 
5] the simultaneous nested minimization of two 
integrals is the equivalent of solving the field 
equations. In the Poissonian integral, the electric 
potential <j> is assumed known and an extremal is sort 
for the variable charge distribution a; whereas in the 
charge drift integral the charge distribution p is taken 
as known and the potential function y/ is allowed to 
vary. The dual approach with the roles of the two 
distributions interchanged in the integrals was not 
given, as an integral functional for the charge drift 
equation with a known potential (f> and unknown 
distribution a could not be found. The inability to 
formulate this problem is the subject of this paper and 
the consequent implications for the theory of charge 
drift are also considered. 

Poissonian and Charge Drift Variations 

It is well known that the minimum of the 
integral 

\UM- PW dD 

is achieved when y/ = tj> where (j> is given by 

V20=-p/e. 

(1) 

(2) 

This has a physical meaning as the integral (1) over 
all space D is a Hamilton-like principle involving a 
field energy minimization where the charge 
distribution is p and the potential is y/. The dual of 
this variation is the extremizing of the integral 

n- jo* - eVf.Va dD (3) 

where the extremal p of the functions a satisfies 
Poisson's equation (2). It is significant that this 
integral does not have a physical meaning. 

The previously published charge drift 
formulation [2, 4, 5] now comes from the time rate of 
change of the energy integral (1) when power is 
consumed by ion-molecule collisions characterized by 
a mobility coefficient p. This gives 

J [pp^y,)2 
dD (4) 

whose minimal satisfies the drift equation [2-6] 

£--f(-«"N* (5, 
where the total time derivative is taken when 
travelling with the ions. The previously mentioned 
simultaneous minimization of the integrals (3) and (4) 
is therefore equivalent to solving the continuity and 
Poisson's equations. The dual approach utilizing (1) 
and the time rate of change of (3) is therefore an 
important consideration as it would be the basis of an 
alternative finite element method to that given by the 
above. 

Degeneracy 

It is easy to demonstrate that an integral in 
terms of a known <j> and unknown a which has an 
extremal p given by equation (5) cannot be found. 
The algebraic possibilities for the integrand are soon 
exhausted (exact differentials appear); and the non- 
existence can be shown more formally as follows. If 
the integrand F[t .p.pf) satisfies the Euler-Lagrange 

equation (5), in the simple time-dependent case when 
moving with the ions, the extremal p{t) is given by 

*5L 
dr *-&H?-- (6) 

Expanding the first term in the usual way, as there is 
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no term in p" in the second expression involving p, it 

follows that F is at most linear in p' so that it has the 
form 

F= p'f(p.t)+g(p,Q. (7) 
Substituting this back into equation (6) gives a 
contradiction as the terns in pt cancel in the left-hand 

expression so that it cannot equal the second 
expression which involves pf. An integrand F 
satisfying equation (6) therefore does not exist. 

As the charge drift integral (4) has been 
shown to be the time rate of change of the Poissonian 
integral (1), it is interesting to find the extremal of the 
time rate of change of the dual charge drift integral 
(3). Using the divergence theorem and the boundary 
conditions on ^ at infinity (cr can be piecewise 
continuous), then the time rate of change of (3) can be 
written 

tt-HJJ a2 + EGV
2

(J> dD     (8) 

which can be expanded in the usual way. Hence, 
allowing time to be part of the domain D (this does not 
alter the extremal of (3)), the Euler-Lagrange equation 
reads 

ppV20 + ps(v20)  =0 (9) 

so that either Laplace's equation or Poisson's equation 
(2) is recovered rather than the required charge drift 
relation (5), and nothing has been gained by this 
approach. 

In the above analysis, time is regarded as an 
independent variable. If, alternatively, only the spatial 
variables are considered, the Euler-Lagrange equation 
becomes 

dt 
+ ppV2<p + fV2 

dt + /if(vV)2=0     (10) 

which is also degenerate and identically zero as in any 
field calculation Poisson's equation must always be 
satisfied. In conclusion, whatever manipulations have 
been tried, the term involving the time derivative of 
the charge distribution in the drift equation is 
problematical as it either always directly cancels in the 
Euler-Lagrange equation or it is balanced by a time 
derivative of ^ which similarly cancels when Poisson's 
equation is used. 

Implications of Degeneracy 

The strength of variational techniques make 
them an obvious choice of method when solving 
problems in field theory. In the theory of charge drift 
[2, 4, 5], the author found that these methods were not 
effective when dealing with temporal changes in space 
charges, and other approaches had to be used.   Two 

major results in particular seemed to defy variational 
methods. The first of these is that a cloud of ions with 
mobility p inexorably expands at a linear rate given 
by 

D = D0 + &t u £ (11) 

where D represents the volume of the cloud of total 
charge Q. The second is the asymptotic shape 
theorem [2, 4, 5], which for ions of a single mobility 
implies that any distribution of space charge 
approaches a spherical shape before it disperses by the 
mutual repulsion of the ions. The reason for this lack 
of success (not reported in the publications) can now 
be seen from the findings of the previous section. 

The only variational formulation of the 
charge drift equation (5) is the minimizing of the 
integral (4) in which both p and its time derivative are 
known functions. This effectively removes the 
physical charge movements from the mathematical 
formulation: the time derivative of p is a given 
function that appears in the integrand so that the 
allowed variations in y/ do not describe the ionic flow 
in any way. This variational principle is therefore 
useless in describing any temporal changes in the 
charge distribution. The lack of a dual principle in 
which <f> is known and a is allowed to vary with time is 
therefore crucial to the effectiveness of the whole 
approach. There is no foothold for the calculus of 
variations in charge drift problems unless the time rate 
of change of the charge distribution at any position is 
found by some other means. Only under these 
circumstances can variational methods be used by the 
simultaneous minimizing of integrals (3) and (4). 

Acknowledgement 

This work has been supported by the Royal 
Society. 

References 

1. P. Hammond, Energy Methods in Electromagnetism 
(1981), Oxford: Clarendon. 

2. J. E. Jones, J.Phys.D: Appl.Phys. 23 (1990), 164. 

3. J. E. Jones, M. Davies, A. Goldman and M. 
Goldman, J. Phys. D: Appl. Phys 23 (1990), 542. 

4. J. E. Jones, J. Electrostatics, 27 (1992), 283. 

5. J. E. Jones, Essays on the Formal Aspects of 
Electromagnetic Theory (1993), 228, World 
Scientific. ISBN 981-02-0854-5. 

6. J. E. Jones, J.Phys.D. Appl.Phys. 27 (1994), 1835. 

XXJJIICPIG (Toulouse, France) 17 - 22 July 1997 



IV-24 

Physics of super undercritical streamer discharge 
in UHF electromagnetic wave 

KLV.Khodataev 
Moscow Radiotechnical Institute, Russian Ac. of Sei. 
Warshavskoe shosse 132, Moscow 113519, Russia 

Fax: 7(095) 314-1053. e-mail: khodataev@glas.apc.org 

1. Introduction 
Ihe streamer discharge in UHF electromagnetic fields 
is one of the finest and the most misunderstood nature 
phenomena It arises in dense gas in a beam of 
electromagnetic wave radiation In a dense gas an 
electrodeless UHF discharge have a complicated 
filamentary structure. The discharge is shaped as a net 
of very thin luminous filaments with bright fragments, 
which length approximatelly equals half wave length of 
radiation The discharge consists of thin filaments 
selforganized into electrodynamic resonant vibrators 
and loops, rising one from another and propagating 
away from initiating point The observations show that 
filament fragments of discharge net do not exist 
simultaniously but are arising one from another The 5- 
10 cm wave length radiation and 0.3-1 atm air pressure 
are good conditions for observation of the discharge 
[1,2,3,]. After creation the arised discharge can be 
supported by radiation with electric field amplitude 
much less than critical value E«. It was found 
experimentally that the electrodeless discharge can 
continiously exist even if undercritical parameter 
E/Ecr equals 1/50 and less [4]. R is possible by due to 
streamer effect The electric field on the ends of thin 
Filament is much more than unperturbed Field 
There are many experimental studies of the UHF 
streamer discharges, but a satisfactory theory of this 
phenomenon is absent today. It is caused by very hard 
mathematical difficulties from one side and absence 
of clearness in physical mechanisms driving the 
process, from other side. The mathematical model for 
discription of a discharge fragment of the undercritical 
UHF discharge and numerical investigations of its 
spatio-temporary evolution are presented in the paper. 

2.Theoretical moiel 
R is clear that mathematical model of the streamer 
discharge in UHF electromagnetic wave must take in 
to account the 3D geometry, fully electromagnetic 
Field discription selfconsistent with discharge , plasma 
chemistry and gas dynamics. So as investigation of 
Filament net is very complicated the single filament 
fragment of the net is chosen as modelling object 
It is found the method of calculation of the 
electromagnetic fields at thin filament with radius- 
length ratio up to minus several orders of value and 
with arbitrary conductivity distribution along Filament 
by means  of the  integral Pocklington type  [5,6] 

equation for electric field amplitude E on the filament 
axis« 

co 

E(z) = E^ + i- JECz*)- W(z',z>k• dz', 
-CD 

where 

W(z',z) = ^£1 Y(o(z')> G'Cz',2), 
<D 

G'Cz'.z)" (1-i-kR) (*-*£)♦«'} 
G<R)=exp(i-kR)/R, 

R(z',z)=^a2+(z'-z)2, 
a 

¥(o) = Jj0U/l+i-4na/©.k2rdr], 
o 

k=ffl/c- wave number, a- the filament radius, o- 
conductivity, oa- field frequency, E«t- external wave 
field. The integral equation have solved numerically 
together with hydrodynamic equations in frame of 
isobaric approximation, which take into account the 
next physical-chemical processes: l)ionization in 
electric field by electron impact and in heated gas, 
2)electron dissotiative and 3-body attachment, 
3)recombination, 4)electron diffusion, ambipolarity 
field and electron drift in UHF electric field [7], 5)gas 
heating [8], 6)radiative losses. 

-^- = [Ki(E,N)-Ka(E,N)-Rrec(E.N).o11jcnN+ 

+ l.V.(DCE,N,a)-V(cnN)), 

— = -N-[cJ-0(a)-Ea-Irad(N)], 
dt 

where 
Kj, Kf impact ionization and attachment velocity 
rates, R^ = a-mK^/e2 (a- recombinatin coefficient), 
ca - nonequelibrium conductivity, <%*, - equilibrium 
conductivity, D - effective diffusion coefficient l^ - 
radiation losses, 6 takes into accout a skin effect 

3.The simulation result 
It is shown that only correct accounting of all the 
mentioned factors and their dependenses on electron 
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and gas temperature gives possibility to simulate the 
evolution of the streamer discharge in UHF 
electromagnetic field, which is less than critical one. It 
must be noted especially the key role of free electron 
diffusion and oscillatory drift on the streamer ends [7] 
and gas heating. Fig 1 and 2 demonstrate the behavior 
of the undercritical streamer discharge. One can see 
on Fig 1 that initial hot plasmoid with small length and 
conductivity is rising slowly until its length reach the 
resonant value. At that moment (t — 13 mks) the 
streamer ends velocity is maximum and equals 
~2-103cm/s. After the resonance the streamer growth 
is stoped 

Z,cm 

ee 

t^nks 
Figl. Contour plot of electric field amplitude on the 
filament axis E(z,t). E^-O^-En,, X=8.5cm 

Fig 2 shows that streamer effect takes place indeed 
The field increases on the ends of filament so as 
difference between ionization and attachment 
frequencies is positive inside the streamer. 
The conductivity in medium part of the filament at 
resonance moment is enough for the skin layer to be 
less than filament radius. It is the necessary condition 
for high enough quality of a resonant vibrator. But 
conductivity on the streamer head is relatively small, it 
is less than ffi/47t. 
The calculated discharge filament velocity and length 
are similar to that observed 
After resonance achivement the filament does not 
grow but heating continues. The temperature grows up 
to 2*3 eV along whole filament, The temperature rises 
slowly when the wave field is undercritical, so 
isobaric approximation is applicable. 

4.Dfocussion 
The real phenomena is much more complicated than 
the model. The question about streamer radius remains 
to be open In frame of usual plasma hydrodynamics 
one can suggest that the streamer head radius is 
defined by necessary field growth at the streamer head 
but it can not be less than ionization avalanche front 
depth [7]. In a real discharge there are many filaments. 
Their currents influence one another, The filament 

placed nearer to the wave radiation source has 
advantage and shields the filaments situated farther 
from the source. The shielding effect limits the life 
time of a filament after arising of the next one. 

-t 

l\. -    - 

\ k \ 
\ " '• \ 
\v ;> \ 

^^^~ ^* ^ - - \ #• - — 

.   _ 

\ 1  ,' 
1   t 

11 

1 

Z, cm 
Fig. 2. The  distributions  along  filament  axis   in 
resonance moment t=l 3 mks. 
log(4jicr/<»>solid, (Vf-v^/v^-dot, E-dash, N/No-dadot 
line, 

The developed UHF streamer model will be used for 
more   detail   study  of  streamer  behavior   at   any 
conditions, 
I bring my thanks to Dr. L.P.Grachov and Dr. LLEsakov 
for useful discussions. 
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Introduction 
A charge - up process on photo semiconductor surfaces for 
laser printer and eletro-photography is generally used fcr 
negative corona discharge, but the negative corona chaiger 
encounters more ozone formation than that obtained during 
application of a positive corona. However, the sensitivity 
of the photo-semiconductor is not sufficient fcr the positive 
corona, so one must use the negative corona To solve 
these problems , recently we reported the development of 
new type corona charger which has strongly restrained the 
ozone production by using of catalyst coated heating wire 
electrode [I]. 

In general, because of the criteria of environment about 
the waste gas control througha discharge system, we need 
to reduce the concentration of residual ozone in the 
exhausted gas to the ambiance. For example, the waste 
gas exhausted fiom a biodegradation system of home 
perishable dust contain important concentrations of 
ammonia gas that is main reason of its smell. So, we tried 
to much ozone production or bi-producted NOx by 
applying the new type corona chaiger. 

In the corona discharge, ozone is produced in the region 
of the center wire electrode; this phenomenon has been well 
studied. The oxygen atom formation reaction (l)produces 
the ozone in the next reaction (2). 

02+e 
O + O2 + M 

20 + e     (1) 
Oj+M       (2) 

The main reaction of ozone formation(2)has a negative 
activation energy, so the amount of ozone shall be 
decreased with ascending temperature of center wire 
electrode. 
If the surface of the wire electrode is covered with ozone 
dissociating catalyst, also, the catalystic reaction occurs on 
the center electrode. So, it is expected that the ammonia 
dissociation reaction will be prior to the ozone formation 
reaction in the discharge zone. 

Experimental 

A corona discharge tube  has a fine wire  electrode 
(50micrometer radius) of tungsten in the center of stainless 
tube of 2.2cm diameter. In fig. 1, a circuit for applying 
continuous voltage, for heating of the fine wire and for 
measurement of wire temperature is shown. 
Hearing of the wire is done by direct current.   Wire 
temperature was  measured fiom  the change of wire 
resistance , which was analyzed in a bridge circuit. The 

bridge circuit and heating circuit was separated by a 
blocking condenser. 

Sample gases are air and NH3 mixed(lOOppm) ait 
Ozone concentration was measured by the KI titration 
method, the flow rate of air was 600cm3min'. NH3 
concentration measurement was done by the detection 
tube(Gas-Tech Corporation). Tungsten corona wire length 
was 225mm; inner diameter of tube electrode was 22mm. 

Results and Discussion 
Fig.2 shows the ozone yield as a function of discharge 

current of negative corona This means the amounts of 
ozone formation are directly proportional to the discharge 
current It is clear that the ozone yields are decreased with 
increasing of the wire temperature and coating of catalyst on 
the wire surfaces. 

Fig. 3 shows the ozone yield as a imction of discharge 
current of positive is like as in the negative corona,ozone 
concentration level is much larger than in positive corona 
The different efficiency between the polarites is maybe 
attributed to the difference of cross section areas of discharge 
zone. In the case of positive corona, the electrons formed at 
the edge of discharge zone, which is close to the center 
positive electrode are swarming to the electrode and change 
quickly. On the contrary, in negative corona all of 
electrons are going to outer electrode which is fir from the 
discharge zone. Then, the reaction(l) is faster than that in 
positive corona 

Fig. 4 shows reduction rate of NH3 as a function of 
discharge current. On the reduction efficiency, a negative 
corona has a value about twice as high as that of positive 
corona But, in the ozone formation rate, a negative corona 
has a value about ten times faster than that of in positive 
corona So, the ratio of ozone formation to reduction rate of 
NH3 is much better in positive corona Thus we need low 
concentration of ozone in waste gases. 

Fig. 5 shows NOx yield vs. discharge current . In the 
case of positive corona NOx concentration is rapidly 
increase with increasing of current. On the other hand, in 
the negative corona , we have no NOx formation So, 
There is some antagonistic advantage between ozone 
formation and NOx reduction rate. 

In conclusion, catalyst coated heating wire corona 
discharge system is able to reduce NHj from waste air. 

[lJOkazaki, MKogoma, T.Inomata, Proceedings of 
HAKONE V, p.283(1996) Milovy.Czch Republic 
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Introduction 

The delay between the application of a DC high voltage 
on an electrode gap and the electrical breakdown of a gas 
may generally be divided into two principal components: 
statistical delay time and formative time lag. The former 
is the time necessary for appearance of the first electron, 
which, accelerated by the electric field, will give rise to 
successful series of electronic avalanches. The latter is 
the time interval, which is needed to develop a selfsus- 
tained discharge from that initial electron. 

Due to the stochastic nature of the appearance of the 
first electron, discharge delay time is also random. The- 
ory [1,2] predicts an exponential probability density func- 
tion for breakdown delays if formative time lag is ne- 
glected. In this work, direct observation of both, statis- 
tical and formative time lags is presented. 

A discharge may change the probability of the next 
breakdown, as shown in [3] for argon and stainless steel 
electrodes. Comparable results are here presented for he- 
lium gas and aluminium electrodes, thus suggesting that 
this phenomenon is common to breakdown experiments. 

Experimental 

All measurements are done using a pyrex discharge tube 
(inner diameter 2 cm) with two circular (1.4 cm diameter) 
aluminium electrodes (interelectrode distance 2 cm). The 
working gas (helium) flows through the discharge tube 
at 30 sccm/min (controlled using a mass flowcontroller). 
The temperature and pressure of the gas are 300 K and 
4 torr, respectively. 

OF 

p-(Hc        Ah) 

Figure 1: Experimental setup: FC flowcontroller, RP ro- 
tary pump, HV high voltage supply, SW switch, PC com- 
puter, OF optic fiber, PM photomultiplier. 

The cathode is grounded and the anode is driven by a 
high voltage supply (C/=600 V) through a load resistance 
and a fast (computer controlled) solid state high voltage 
switch. Onset of the discharge is detected using an optic 
fiber and a photomultiplier. 

The time interval T between the rising edge of the 
voltage on the anode and the electrical breakdown of the 
gas is measured with a precision of 1 /JS. The discharge 
is switched off after a predefined time Tj. To obtain sta- 
tistically significant data, the measurements are repeated 
(N « 102 to 103) with fixed period rrep. 

lrep r 
(b) Td 

(«of 

Figure 2: Schematic drawing of signals: a) switch com- 
mand b) discharge current c) voltage on anode. 

Results 

The breakdown delay time T is measured for several rep- 
etition rates (rrep=10 to 50 s) and different discharge du- 
rations (T,/=50 to 1200 fjs). For long discharge durations 
(7j ?a 1 ms), probability density function of breakdown 
delay times T has a shape as shown in Fig.3. The result- 
ing curve is interpreted as a combination of two effects: 
a slow exponential fall due to the statistical delay time Ts 

and a rapid growth near the value of the formative time 
lag Tf. The values are found to be 7^ « 22.5 fis and Tf « 
87 ps. 

For short discharge durations, apparently different re- 
sults are obtained, as shown in Fig.4. The rising part of 
the probability density function is totally hidden by the 
decreasing exponential, which extends to much higher 
discharge delay times. By fitting the exponential, one 
finds Ts& 28312 //s. 

This type of curve is comparable with previous re- 
sults for argon and much longer repetition rates, as may 
be found in [4]. 

XXin ICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-29 

In Fig.5, average discharge delay T versus discharge 
duration Td is plotted for three repetition rates TKp. For 
longer 7^p between measurements, average discharge de- 
lay T is more sensitive to variations of Td. For short Tj it 
tends to be linear in loglogplot, i.e. T <* TJ~3ii. 

Conclusions 

Two factors have an influence on statistical delay time 
of the breakdown: (i) initial electronic current near the 
cathode and (ii) probability that the discharge will evolve 
from one initial electron. The it* discharge may change 
both the number of charged particles remaining in the 
tube and the state of the cathode surface for measurement 
k+l. The lifetimes (i) of charged particles in volume 
due to recombination and/or diffusion and (ii) of excited 
states in gas, are much shorter than repetition rates of our 
experiment (up to 50 s). One thus can conclude that a dis- 
charge modifies the "state" of the surface of the cathode 
and consequently, the probability of the next breakdown. 
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Figure 5: Dependency of average discharge delay T on 
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Two-dimensional numerical simulation have 
shown recently that positive streamer in strong uni- 
form external field quickly accelerates and exhibit 
expansion in radial direction [1,2]. Both effects were 
detected in nitrogen with small admixture of O2 [1] 
and in air [2]. 

The simulations [1,2] were made for STP condi- 
tions and for uniform Laplacian field 50 kV/cm. The 
results display that in 1-cm gap streamer reaches ve- 
locity of the order 4x 108 cm/s, which is far above the 
drift velocity of electrons in the peak field at the tip 
of the streamer. Rapid (exponential in time) accel- 
eration is accompanied by the exponential expansion 
of streamer head in radial direction. In this report 
the physical mechanism which is responsible for both 
effects is described. 

To clarify the physics of these effects 2D simula- 
tions of cylindrically symmetric streamer in air in 
1-cm gap under applied voltages Vö 40, 50 and 60 
kV have been performed. Streamer dynamics was 
described within the scope of diffusion-drift model 
(see details in [2]). 

Streamer was initiated by a small initial plasma 
spot at the anode. Air pressure was 760 Torr, tem- 
perature 300 K. Fig.l shows electron density con- 
tour lines for each voltage when streamer length was 
about 0.7-0.8 cm. It is seen that expansion occurs 
faster in a higher Laplacian field. 

A comparison of the rates of the processes have 
shown that photoionization is essential only at the 
early stage of streamer formation. Streamer behaves 
as a flash lamp: it produces photoelectrons in the 
gap at the early stage of its formation, and then these 
electrons are multiplied in ionizing collisions. 

The analysis of structure of streamer head shows 
that streamer advancement occurs in accordance 
with the mechanism offered by Loeb [3]: a new seg- 
ment of streamer is created due to avalanche ioniza- 
tion in a thin space charge layer. In this ionization 
domain (ID) ionization dominates other processes 
and exponential growth of plasma density occurs un- 
til time of maxwellian relaxation becomes compara- 
ble with the ionization time. Then newborn plasma 
"pushes out" electric field towards the direction of 
propagation and the process continues.; 

Analysis of simulation results shows that ID is 

a region where electron density n0 ~ 1012 cm-3 

is converted to the density in the streamer channel 
ns ~ 1014 cm-3 during a fixed time interval (numer- 
ical values are related to the air under STP). Thus it 
is reasonable to assume that the current position of 
the contour line n0(r, z) ahead of streamer coincides 
with the outer border of the ID. 

The main idea of the proposed mechanism is that 
position of n0 contour is defined by exponential 
growth of primary photoelectrons in the gap and the 
shape of the streamer head coincides with the cur- 
rent position of the contour line n0(rt z). Consider 
temporal evolution of axial profile of primary photo- 
electrons nph(z). In strong field this profile exhibit 
exponential growth in the undisturbed field. The 
point n0 moves towards the cathode, and the veloc- 
ity of this point is streamer velocity. 

Evidently, this velocity depends on the shape of 
the curve nph(z) (z = 0 is placed at the cathode). 
Let nph (z) decreases towards the cathode as a power 
of distance from the anode 

riph(z) = nQ z < d- 

where crz being characteristic scale of the curve, d 
is the distance between electrodes. Then, as time 
progresses, this profile exhibit exponential growth in 
undisturbed field 

nph(z,t) = n0 exp 
TO 

where r0 being time of ionization in Laplacian field 
Eo = Vo/d. Axial position z(n0) is derived from 

no = h0 exp ( — 
\To 

and hence the velocity of this point is 

d(d 
$- = —ex   (—) 

dt mr0 \ mr0) (1) 

that is exponentially increases with time. Note that 
characteristic time of velocity growth is m times 
more than the time of ionization r0. The motion 
of the point z(n0) is illustrated in Fig.2. 
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The velocity (1) does not depend on ne. This 
means that all values of ne move towards the cathode 
with the same velocity. Hence, to verify this mech- 
anism, motion of relatively low level of ne which is 
not affected by the space charge field should be 'mea- 
sured' in numerical simulation. 

Fig.3 shows the velocity of the point ne = 108 

cm-3 and the streamer velocity (i.e., the velocity 
of the peak field) for the three voltages. It is seen, 
that the mechanism described explaines exponential 
growth of velocity. We note that in all cases stream- 
er moves faster than do the point z(108). Evidently, 
this additional acceleration is related to the space 
charge field of the streamer head, which provides ad- 
ditional growth of electron density ahead of the tip. 

Due to ionization growth the contour no = 1012 

cm-3 is expanded in radial direction and the profile 
of streamer head follows this expansion. This mech- 
anism also clarify the formation of positive streamers 
in nonuniform fields. Around stressed electrode there 
is a zone, where field is high and streamer formation 
occurs in accordance with the mechanism of expo- 
nential growth. When crossing this region stream- 
er accelerates and expands. Then in the low field 
streamer moves with the constant radius, which was 
established in the high field region. 

[1] A.A.Kulikovsky: J.Phys.D:Appl.Phys. 28 (1995) 
2483 
[2] A.A.Kulikovsky: J.Phys.D:Appl.Phys. 30 (1997) 
(To be published). 
[3] L.B.Loeb: Science 148 (1965) 1417 
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Figure 1: Positive streamer in air in 1-cm gap for three applied voltages: 40, 50 and 60 kV. Shown are electron 
density contour lines 10u cm-3, 1011 5, 1012 and so on. In all cases the outermost level is 1011 cm-3. 
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Figure 2: Power function of distance z exponentially 
increases with time. The position of a given func- 
tion value moves towards the cathode and acceler- 
ates. f(z,t) = 10n((l.l-z)/0.1)-5exp(0. Time 
moments t are shown above each curve. 
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Figure 3: Comparison of streamer velocity obtained 
from the sumulation (solid lines) with the velocity 
of motion of the level ne = 108 cm-3 towards the 
cathode (points). 
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UV light controlled repetition rate of Trichel pulses 
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1. Introduction 

In our recent studies [1,2] on negative corona in an air 
flow, Trichel pulses were triggered by the radiation of a 
deuterium lamp of quasicontinuous spectrum (215 - 400 
nm) and of low intensity (input power < 20 W). The 
experiments were carried out in a 4 cm point-plane gap. 
In these experiments the repetition rate (RR) of Trichel 
pulses was at every voltage adequately related to the 
intensity of UV light: the increase of intensity causes the 
increase of RR. The corresponding dependence is 
sublinear: while the intensity increases the slope of the 
dependence diminishes gradually. A problem arises: 
does the further increase of intensity lead to the 
saturation of the dependence, i.e. does RR become 
independent on the intensity of UV? 
At this paper the results of the experiments with a 
quasimonochromatic light source of considerably higher 
intensity are presented. 

2. Experimental 

The pulse mode of DC negative corona (Trichel pulses) 
is studied in a dust-free air flow. The rate of the air flow 
is «4 m/s. The pressure, relative humidity and 
temperature are recorded. It is possible1 to change 
temperature in the limits of 20°-35°C. Experiments in an 
air flow allow to diminish the influence of any possible 
accumulation process in the gas medium to the 
characteristics of discharge. The discharge chamber is 
an aluminum cylinder of inner diameter of 8 cm. The 
axis of the point-plane discharge gap coincides with that 
of the cylinder. The gap spacing is 1 cm, the point 
electrode is a hemispherically capped Pt wire of 
diameter of 1 mm. The plane electrode is a brass disk of 
diameter of 5 cm, the central part of anode is brass grid 
of small mesh size. The plane electrode is stressed. The 
stabilized power supply allows the voltage to be varied 
with the smallest step of 10 V. The gap is illuminated in 
two different ways: (i) the light collected by a quartz 
lens is directed along the gap axis through the anode 
aperture and focused at the point surface; (ii) the beam 
is directed perpendicularly to the gap axis, it is possible 
to focus it at any point of the gap. In all cases (if not 
mentioned otherwise) (i) is used. The light source is an 
excimer lamp (k = 308 nm) excited by a HF (27 MHz) 
discharge. The maximum intensity of the focused beam 
is 200 uW/cm2. With the calibrated grids and 
diaphragms it is possible to change the light intensity 
nearly by three orders of magnitude. It is possible to 
record simultaneously the mean current of discharge and 

the RR of Trichel pulses. Every point of the RR 
presented in the figures is a mean value of at least ten 
measurements. 

3. Results 

When the Trichel pulses are noninitiated (i.e. UV radia- 
tion is missing during of the recording of the RR), the 
onset depends on the prehistory of the discharge gap. If 
the point electrode is not influenced neither by UV 
radiation nor by discharge for a long time (20 hours), the 
corona pulses start at 9.9 kV. In the case of the 
temperature and the pressure of the gas being the same 
but the point being previously radiated by UV during 
half an hour, the onset of noninitiated pulses lowers to 
9.7 kV. Near the onset the RR of noninitiated pulses is 
low: it changes from 0.2 pps at 9.7 kV to 60 pps at 9.9 
kV. For comparison: for pulses initiated by the UV of 
maximum intensity the RR is 6600 and 15000 pps, 
respectively. The RR of Trichel pulses as a function of 
the UV intensity for the different voltages U and for the 
temperature 20.3°C is presented in Fig.l. There are no 
qualitative differences between the curves presented and 
those recorded for 4-cm gap and described in Introduc- 
tion, but the values of RR differ considerably: the RR of 
Trichel pulses initiated by the faint source was always 
less than 3000 pps. At the constant voltage RR varies in 
narrow limits. Even at low values of RR which corre- 
spond to the very weak intensities of initiating radiation, 
Trichel pulses have a regular character: the error bars in 
Fig.2 present the standard deviation of 15 recordings. 
Such a stability of noninitiated Trichel pulses is never 
observed at so low values of RR. 

18000 

0 0,2 0,4        0,6 0,8 1 
Intensity I, arb. units 

Figure 1. The repetition rate of Trichel pulses as a 
function of UV intensity 
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In the case of other parameters being fixed, the small 
changes of temperature lead to large changes of RR. For 
more detailed study of the phenomena the dependence 
of RR on temperature is recorded while keeping the 
production UT (T - abs. temperature) constant. As the 
pressure is constant, the reduced field EIN « UT and the 
constancy of UT means the constancy of EIN as well. 
Consequently, if RR was determined only by ionization 

w 
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Figure 2. The repetition rate as a function of UV 
intensity for lower intensities 

processes in the gas medium, RR would be independent 
on temperature. The curves, presented in Fig. 3 are 
corresponding to different values of EIN, at E/N= const 
RR is changing - to higher voltages (as UT = const) 
higher values of RR correspond. So RR is dependent 
rather on the field E than on the reduced field EIN. 
If the gap is radiated by an IR radiation (k = 1 - 3 urn), 
RR is almost the same as in the case of noninitiated 
pulses. But the simultaneous action of UV and IR 
radiations causes the changes of the RR. The temporal 
changes are presented in Fig. 4. As the experiments take 
place in an air flow the observed comparatively slow 
changes of RR must be caused by the cathode processes. 
The interaction of UV radiation with the gas medium 
does not change the RR: if the radiation is directed 
perpendicularly to the gap axis and it does not hit the 
point, no remarkable changes of RR are observed. 
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Figure 3. The repetition rate of corona pulses as the 
function of temperature, for every curve 
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Figure 4. The temporal changes of the repetition rate 
caused by IR radiation 

4. Discussion 

Experiments carried out at a certain voltage confirm that 
RR is controlled by UV radiation in a wide range of 
intensities. On the other side: it is stated that the RR is 
determined by the space-charge field of negative ions. 
At first glance there is no contradiction between the 
present experiment and the statement: under the 
influence of UV electrons may be detached and so the 
radiation changes the RR. But there is a contradiction: 
the changes of RR take place only when the radiation 
hits the point electrode, i. e. the interaction of UV 
radiation with the gas medium does not change the RR. 
So, at a certain voltage the emission of the point controls 
RR. The latter assumption is supported by curves in 
Fig.3: if the processes in the gas were dominating then 
the curves would be as straight lines parallel to x-axis. 
It is hard to explain the emission by a simple photoeffect 
mechanism as there is a strong dependence on 
temperature. Besides, the influence of IR radiation to 
RR is most likely also the effect of temperature: the 
step-like switch-on of IR (Fig. - 4) causes the slow 
increase of RR. The experiments are carried out in an air 
flow. For this reason the IR radiation is not able to warm 
up the gas and the observed temporal increase of the RR 
can be explained only by the increase of point 
temperature. 
So it may be concluded that RR at a certain voltage is 
determined by the cathode emissivity and UV-induced 
emission depends strongly on temperature. 
A more detailed discussion and links with other similar 
experiments are presented in [2]. 

5. References 

[1] Laan M, Repän V, Aarik J, Sammelselg V, To be 
published in J Phys D: Appl Phys 1997 

[2] Laan M, Triggering of negative corona, Invited 
papers of this conference 

[3] Korge H, Laan M, Paris P.O« the formation of nega- 
tive corona J Phys D: Appl Phys 26 (1993) 231-236 

XXIIIICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-34 

About the positive corona discharge forms in 02-N2 mixtures 

K.Kudu\ I.H.Lägstad2, R.S.Sigmond2 

1 University of Tartu, Tartu, Estonia, 2 Norwegian University of Science and Technology, Trondheim, Norway 

1. Introduction 

It is well known that under open-air conditions/ie^aftve 
point-to-plane corona discharges start as Trichel pulses, 
which at high currents turn into a pulseless glow. This 
corona form occurs in all 02-N2 mixtures at atmospheric 
pressure and even well below. The current-voltage 
ranges where these corona forms exist vary with the gas 
pressure and composition [1]. Negative coronas will not 
be treated here. 

In the case of positive potential at the point electrode, 
the corona in air starts at the corona threshold voltage 
with burst pulses, which probably are just trains of 
avalanches coupled through gas photoionization. At a 
little higher applied voltage pre-onset streamers occur 
together with these pulses. With increasing voltage the 
rate of pre-onset streamers increases, and then decreases 
to zero at the onset of steady burst pulse corona or glow. 
At still higher overvoltages streamers again appear, 
concurrent with a background of steady positive glow. 
Now they are called pre-breakdown streamers. They are 
more powerful than pre-onset streamers, and their length 
and number per unit time increase with the voltage. If 
some of them reach the plane electrode, a spark 
breakdown may follow. This is the general sequence of 
discharge phenomena in the case of positive corona in 
atmospheric air [1]. 

This positive corona sequence in air can be modified by 
changing the geometry of the discharge gap, the 
ionization level, air humidity, or the content of electro- 
negative impurities. For instance, if one in dry air has a 
point electrode, like a wire with a hemispherical tip, and 
an external ionization source like UV radiation of 
sufficient intensity, then the pre-onset streamers (and 
even pre-breakdown streamers) may not occur at all. 
The burst pulses then grow with increasing voltage 
straight into a steady burst pulse corona. At higher over- 
voltages, already the first pre-breakdown streamer may 
launch the spark breakdown. 

In other cases, with rod points with a sharp conical end, 
the burst pulses are too weak to occur and to prevent the 
streamers to develop. The corona starts in this case with 
streamers, and their length and number per unit time 
increase with the voltage till they bridge the discharge 
gap. Finally one of the streamers may initiate the 
breakdown, i.e., develop into a spark and then, an arc. 

For short gaps the pre-onset streamers themselves can 
bridge the gap and launch the breakdown (breakdown 

type I). If one somehow escapes this and manages to 
move into the voltage region of the steady burst pulse 
corona in a short gap, then the breakdown could be 
reached either by decreasing the voltage (breakdown 
type I) or by increasing it (breakdown type II) [1]. 

One comment is needed in connection with the term 
"steady burst pulse corona". As Beattie [2] has shown, 
this is often not a steady corona, but may exhibit high 
frequency oscillations in its luminosity and current 
These oscillations may be very regular, or modulated 
and fluctuating. Thus the designation "steady burst pulse 
corona" may be a better name than the synonymously 
used "pulseless glow", "steady glow" or "Hermstein's 
glow". 

2. Experimental 

We have studied the positive point-plane corona in 02- 
N2 mixtures over wide ranges of composition and 
pressures. The stainless steel "point-electrode" had a 1 
mm diameter shaft ending in a 1.5 mm diameter sphere. 
The plane electrode was a stainless steel plate with a 5 
mm diameter circular probe in its centre. The gap length 
was 6.05 mm. The mean currents, Ix to the probe and I2 

to the surrounding plate, were measured with two light 
spot galvanometers. The gap voltage was measured 
directly using a digital multimeter (Fluke 77) with a 
Fluke 1000 MQ voltage probe. The current 
oscillogrammes have been recorded with a Tektronix 
digital oscilloscope TDS 540. 

The discharge gap was mounted in a metal vacuum 
chamber. The gases we used were 02 and N2 of 
technical purity. The discharge chamber was pumped to 
about 10" Pa and filled with the desired content of 02. 
N2 was then added to get a mixture at near atmospheric 
pressure. Then a positive DC voltage was applied to the 
point electrode and increased. The onset voltages of the 
different discharge phenomena were registered together 
with their mean currents and the current wave forms. 
Then the pressure was lowered without changing the 
gas, and the procedure repeated until reaching about 1 
kPa. The content of 02 in the 02-N2 mixtures was varied 
from zero to 100%. 

3. Results 

Our measurements show that in all 02-N2 mixtures with 
more than 1% 02 usually the same discharge forms 
occur as in air at atmospheric pressure. For mixtures 
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with less than 1% 02 a new discharge form is added to 
the menagerie: A real pulseless, spiked glow, without 
any oscillations in luminosity or current. The light of 
this corona mode is concentrated in a conical column 
protruding from the point electrode surface like a spike. 
At higher currents even two or three spikes may be seen. 
A pulseless glow has also been seen by Korge et al [3], 
but that was in extremely pure nitrogen. In that case the 
discharge occured like a luminous channel bridging the 
whole gap of 4 cm length. Most probably the nature of 
both these phenomena is the same. 

The "living places" of different positive point discharge 
forms are best visualized by pressure-voltage diagrams. 
Such diagrams were made for all the 02-N2 mixtures we 
studied, but here only the one for 0.3% 02+N2 is shown 
in figure 1. More will be presented at the conference. 
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Figure 1. Pressure-voltage diagram of 0.3% 02+N2 

The lower the content of 02 in the 02-N2 mixture, the 
larger the area occupied by the pulseless glow in the 
pressure-voltage plane. In pure nitrogen we did not find 
any steady burst pulse corona with oscillations at all. If 
the 02 content exceeds about 1%, the pulseless glow do 
not exist anymore. 

4. Discussion and concluding remarks 

Only one pressure-voltage diagram from our present 
extensive survey of point-to-plane corona forms in 02- 
N2 mixtures could be shown in this short paper. 
Nevertheless, the figure illustrate all the main corona 
types seen in the survey, of course including the hitherto 
unreported steady spike. 

The mapping of discharge types presented in this work 
is a necessary part of our long lasting search for the true 
mechanisms behind the oscillations of the positive glow 
corona. 

Why are most positive point-to-plane coronas unstable, 
and what types of instabilities are operating? Three 
types seem to be relevant for the surveyed coronas: 
• Quantization fluctuations: One electron entering the 

corona ionization region will form an avalanche of 
average size given by the gas, field and geometry. 
This will be the smallest discrete unit of charge 
transport through the region. Secondary ionization 
processes may increase this minimum charge 
package, and the stochasticity of the processes tends 
to give them an exponential (Furry) size distribution. 
Thus, at low currents all discharges will consist of 
pulses of fluctuating size and intervals. 

• Longitudinal instabilities: A stochastic current 
change will change the corona space charge 
distribution in such a way that the current change is 
amplified. This positive feedback will lead to 
damped and undamped oscillations following any 
current disturbance. This is the mechanism of the 
initial stage of Trichel pulse formation in negative 
coronas. 

• Transversal instabilities: Here, a stochastic current 
density increase in some part of the discharge cross 
section will increase the efficiency of the ionization 
processes in just that part, and lead to further current 
density increase and discharge contraction. The 
sudden contraction of a spread-out positive glow 
corona into a streamer is one example, and the final 
rise of a Trichel pulse is another. 

All combinations of the above instability mechanisms 
are possible. 

At present one understands the quantization fluctuations, 
and has a fair knowledge about what causes the positive 
streamers. In contrast, the causes of the longitudinal 
positive glow (or Hermstein glow) oscillations are still 
unknown to us. For instance, we still cannot predict 
whether the addition of a trace gas of known properties 
to a non-oscillating positive corona in argon or pure 
nitrogen will induce oscillations or not. We expect, 
however, that further experiments and computer 
simulations will produce some answers in time for the 
conference. 
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Decay rate of excited Xe-atoms in single filament 
of a dielectric barrier discharge 

H. Lange and R. Wendt 
Institute of Low Temperature-Plasma Physics Greifswald 

R.-Blum-Str.8-10,17489 Greifswald, Germany, lange@public.inp-uni-greifswald.de 

Introduction 
Dielectric barrier discharges (DBD) in rare gases and rare 
gas/halogen mixtures have been investigated for several 
years because of their application as UV- or VUV- 
radiation source in many technological processes. These 
discharges exist between glass covered electrodes at a 
broad pressure range and are often described by the 
presence of large statistically distributed micro discharges 
(filaments)[l-3]. Excited atoms in the lowest metastable 
and resonance state of the rare gas play an important role 
in the generation process of excimers. They are the starting 
point for many reactions including neutral rare gas atoms 
or other excited species for producing the narrow band 
incoherent excimer radiation. This paper reports 
experimental results about the temporal density variation 
of excited species of Xe(^P^) metastable state and the 
Xe(3P,) resonance state in a single filament of a DBD in 
Xenon. 

Experimental arrangement 
The method used for the density determination was 
essentially the one used by classic absorption experiments 
and the principle arrangement is shown in Fig. 1. The 
discharge tube for the generation of a single filament was 
a special stainless steel chamber with two glass covered 
electrodes (discharge gap 1.5 mm) and a gas handling 
system. One of the electrodes is movable for the variation 
of the electrode distance. The gas filling pressure was 
varied from 20 torr to 600 Torr. We generate the DBD in 
the chamber by means of sinusoidal power amplifier and a 
transformator at a frequency of 16 KHz. Typical voltages 
are 2-3 kV (peak to peak) and discharge currents of some 
mA Perpendicular to the discharge axis the chamber has 
two glass windows at the brewster angle for detennining 
the density of excited atoms by means of the absorption 
method The continous radiation of a diode laser is focused 
on the discharge gap with a resolution of 200 um. The 
diode laser with a spectral width of less than hundred MHz 
operates at the central wavelenght of the optical transition, 
whose lower level should be investigated. The transmitted 
beam through the discharge gap was measured with a fast 
photodiode and detected by a digital oscilloscope (2G 
samples/s). If a DBD occurs (typical half width of the 
current pulse is about 10 ns) in a half wave of the 
sinusoidal sustaining voltage, the laser radiation is partly 
absorbed by Xe atoms excited to the metastable level 
(823.16 nm) or by atoms excited to the lowest resonance 
level (828.01 nm). 

Results and discussion 
The development of a DBD in a half wave of the applied 

sustaining voltage can be described by a Townsend phase, 
the space charge wave, the streamer phase and the 
afterglow or recombination phase [4]. In this paper we 
report about measurements of the absorption especially in 
the afterglow or recombination phase. 
An example of the temporal behaviour of the density of the 
Xe^j) atoms is shown in Fig 2 in a semilogarithmic plot 
The measured temporal variation of the density can be 
fitted by a single exponential decay and can be 
characterized with a decay rate, which was obtained from 
the slope of the semi-log plots of the densities against time. 
Fig. 3 and Fig. 4 show the decay rates of both measured 
excited atom densities. The pressure range studied was 
from 20 to 600 Torr. In Fig. 3 the values of the decay rates 
of the density of Xe resonance atoms are compared with 
the rates for the quenching of the atoms at the metastable 
state and at resonance state according to the reactions [5]: 

Xe(3P2) + 2XeCS0)^ Xe^luCP,)) high v + XeCS0) (1) 

XefP,) + 2XeCS0)- Xe^O^ + Xe(«S0) (2) 

The solid lines in Fig 3 and Fig. 4 represent the decay 
rates (in Hz) of Berejny [5], equal to 

l/T(ns-') = 0.649* 10V 

for the metastable state and equal to 

1/T ( ns"1) = 0.25*10-3 + 0.127*10V 

(3) 

(4) 

for the resonance state. 
This comparision suggests, that the decay of the atom 
densities in the afterglow phase of a filamentary DBD can 
partly be characterized by three-body collisions in a small 
pressure range and the agreement is moderately good. 
At higher pressures we cannot measure this pronounced 
exponential decay of the atom density versus time (Fig. 5), 
especially for the excited metastable atoms. Our 
hypothesis is, that the decay of the density in the afterglow 
phase of the DBD is governed by an additional 
repopulation of the metastable state. The source of this 
repopulation is quenching of the Xe(*P,) state [5]. 
Fig. 6 shows the temporal variation of the near infrared 
emission( Xe 6pj-6s;, Paschen notation) and the time 
behaviour of the atom density excited to the meatstable 
state. The near infrared emission decays very fast and at 
the same time the density of excited atoms at the 
metastable state grows. This is an indication of the cascade 
transition which determines the density increase of 
metastable atoms. 

XXni ICPIG (Toulouse, France) 17 - 22 July 1997 



IV-37 

QsdTarge 

Photodode 

Diode 
bser 

^+^K] 
a ja 
osaloscop 

Ccrtroler 

Fig. 1. Schematic of the experimental set up. 
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Fig. 3. Decay rates of the density of the Xe^j) atoms in 
dependence of the gas pressure. The solid line represents 
data by Berejny et. al. [5]. 
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Fig. 5. Density of the XefPj) atoms versus time in a 
filamentary discharge at 150 Torr. 
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Fig. 6. Time behaviour of the near infrared emission of a 
single filament of a DBD at 100 Torr xenon and the 
transmission of the laser radiation (823 nm). 
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Fig. 4. Temporal variation of Xe^P,) atoms against the 
pressure of xenon.The line represents values obtained for 
quenching of the atoms by a three-body collisions [5]. 
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Theory of Secondary Streamer Generation in Positive Corona 
R. MORROW 

CSIRO Division of Telecommunications and Industrial Physics, 
Sydney, Australia. 

INTRODUCTION: The first observations of 
streamer propagation were made in the 1930s; 
streamer propagation was described as the rapid 
movement of a luminous front from a point anode, 
across an air gap towards a plane cathode, not 
necessarily causing an arc. Since then, observations 
of the properties of such streamers have revealed 
secondary and tertiary streamer fronts moving 
across the gap from anode to cathode [1]. Often, 
the current measured for such gaps is in the form 
of many pulses, or 'bursts' of current. Previous 
theoretical results for the propagation of a primary 
streamer, most of the way across a positive point- 
plane gap [2,3], showed that: (1) as the residual 
positive charge in the streamer channel moves away 
from the anode, the electric field begins to recover; 
(2) ionisation activity can restart. 

The type of discharge that occurs due to the renewed 
ionisation activity is shown here to depend on the 
availability of seed electrons as the electric field 
recovers; if few seed electrons are available, then the 
electric field near the anode becomes high before 
a discharge occurs, leading to the formation of 
secondary and tertiary streamers, and consequently 
a series of burst current pulses. 

THEORY: Theoretical calculations presented are 
for the development of secondary streamers (after 
the passage of a primary streamer) from the positive 
point of a point-plane gap, in air at atmospheric 
pressure. The point is a hyperboloid with a ~ 1 
mm radius of curvature at the tip, and a gap of 5 
cm, with an applied voltage of 20 kV. The streamers 
are constrained to move along a 100 jum channel, 
allowing one-dimensional electron and ion dynamics 
to be used, while the electric field is computed in two 
dimensions, with azimuthal symmetry, by solving 
Poisson's equation in cylindrical coordinates. The 
electron, positive ion, and negative ion continuity 
equations, including ionisation, attachment, recom- 
bination, and photoionisation are solved simultane- 
ously with Poisson's equation to give distributions of 
electron and ion densities, and the electric field [2,3]. 
(Note that in the figures the anode is at X = 0 cm, 
and the cathode at X = 5 cm. Also, the calculation 
is started at t = 0 s with a few seed electrons.) 

RESULTS: In Fig. 1, by plotting the axial electric 
field at the times indicated, the propagation of the 
primary streamer at the start of the discharge is 
shown. When the streamer has stopped propagating 
the net charge in the gap is positive [3]; as this 
charge moves away from the anode, the electric field 
starts to recover at the anode, as shown in Fig. 2. 
The circuit current due to the primary streamer is 
shown in Fig. 3. 

After ~ 10 ps the electric field at the anode recovers 
sufficiently for any free electron to initiate a self- 
sustained discharge at the anode. (In the calcula- 
tions, the very small, but finite, electron number 
densities left in the gap provide seed electrons, 
but some time is taken for them to multiply to 
significant numbers, simulating the effect of scarce 
seed electrons.) A discharge starts at the anode, 
and a secondary streamer propagates out into the 
gap, as shown in Figs. 4 and 5. Because of the 
pre-existing space-charge in the gap the secondary 
streamer propagation (Fig. 4) is different from that 
of the primary streamer (Fig. 1); for example, the 
secondary streamer amplitude remains relatively 
constant. In Fig. 5 the anode electric field, just 
before the secondary streamer is initiated, is shown 
as a "dotted" curve. 

The circuit current due to the secondary streamer 
(Fig. 6) is an order of magnitude smaller than that 
due to the primary streamer (Fig. 3). 

CONCLUSIONS: The formation of secondary 
streamers in positive point-plane gaps is shown 
to be due to the recovery of the electric field at 
the anode when the remnant positive space-charge 
moves away from the anode. If seed electrons are 
scarce, the field becomes large enough for any free 
electron to trigger a secondary streamer. Tertiary 
streamer formation also occurs. 
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Transition Times from Glow to Arc and from Arc to Grow 
on Inter-Glow-Arc Flip-Flop Transition 

Masayoshi Nogaki       Yositaka Suginuma 
Dept. of Electrical Engineering and Electronics, Faculty of Engineering, Seikei University 

3-3-1, Kichijyoji-Kitamati, Musashino-shi, Tokyo, 180, JAPAN 
l.Introduction   

Transitions of discharge voltage from glow to 

arc (G-A) and from arc to glow (A-G) in air (1 atm.), 

N2(93kPa) and He+02 ( 93 kPa, 02 20%) were 

investigated by many data of discharge voltage 

waveforms. Both Transitions of G-A and A-G have that 

first fast transition part is period of about 1 u,s and slowly 

transition part followed fast it. 

2.Experiment 
Condition and Procedure 

gases :   air latm., N2   93kPa, He + 02 (93kPa,02 20%) 

anode and cathode : Ag, 4mm 0, cathode rwater cooling, 

gap length : 6.0mm,    series resistor R :15 k Q, 

average discharge current I: several 10~300mA. 

The discharge waveforms of both Transitions 

of G-A and A-G were measured from the point of small 

current to the point of large current in order. 

The measured discharge voltage was led to 

the input terminal of the oscilloscope though the voltage 

divider and the delay cable. Both terminals of delay cable 

are matched by 1800 Q resistor as the characteristic 

impedance of delay cable. The trigger signal of the 

oscilloscope was a voltage of near point after starting 

point of transition voltage of G-A and A-G. 

The oscilloscope is Tektronix 7844 (max. freq. 400Mhz). 

3.Result and Discussion 
The model of voltage waveforms for transition 

of G-A and A-G is shown in Fig.l. The explanation and 

the definitions of each parts in the transition waveform is 

written below the Fig.l . The transition of G-A is the 

section between the starting point P, and the final point P3 

and one of A-G is the section between P4 and P6. 

First there is fast transition(P,-P2) then on near point P2 it 

changes to slowly transition(P2-P3). In the same way 

on the transition for A-G(P4-P6) there is first fast 

transition(P4-P5) then on near point P5 it changes to 

slowly transition(Ps-P6). 

Fig.l Model of discharge voltage waveform from glow 

to arc (G-A)and from arc to glow (A-G) on FFTGA. 

Vg,Va: discharge voltage level of glow and arc 

respectively, Vgal,V,gl:voltage of first fast transition 

part of G-A and A-G respectively, V^.V^voltage of 

second slowly transition part of G-A and A-G 

respectively, tgal,tagI: period of first fast transition part 

of G-A and A-G respectively, tga2,tag2 : voltage of 

second slowly transition part of G-A and A-G 

respectively, P„ P4 : starting point of G-A and A-G 

respectively, P3, P6 : ended point of G-A and A-G 

respectively, P2, P5 : switching point of change from 

fast to slow of G-A and A-G respectively. 

And the rate £ ga2 of voltage(Vga2) per time(tga2) is also 

defined for later slowly transition. On A-G in the same 

way, their rates £ ag, and £ ag2 were defined for first 

fast transition and second slowly it. Thus their equations 

£ tal— V.J2/ t. ga2' laa2> 

On G-A we defined the rate £    ,    of 

voltage(Vgal) per time(tgal) for first fast transition part. 

follow:   £ „.«V,,,/.,.,, 

£ agl = "agl / 'agl>    £ ga2 = » ag2 / tlg2 

On G-A and A-G, the characteristics of the 

time Tgal and tagi -I are shown in Fig.2. Both times of tgal 

and tagl are 1.0 ~ 1.7 us when the current is low (1=70 

mA). When the current is middle (1=150 mA), tg,, and tag, 

are 0.2 ~ 0.5 u.s. And when the currents are large (I = 260 

mA), tgaI and tagI are 0.2 ~ 0.5 u,s. In all gases of Air, N2 

and He+02, tgal and tag, decrease with the increase of 

discharge current. 

On G-A a second slow transition part is 

continuously, after the first fast transition ended. The 
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second transition time is further longer than the first 

transition. There is a moment that a A-G transition 

happens on the way before second slowly transition 

gets to the final point P3. On that occasion, the discharge 

voltage does not reach to Va, it is Va'. On that case, Vga2 

and tgl2 do not reach the final value but they are Vgl2' and 

tgl2' (these values on the way), because the arc is yet in 

complete. And Vga2' and tg^' have various values. We 

define £ gl2' = V^'/t^' for a set of V^' and tga2' like 

the £ ga2 was defined before. Then the characteristic 

of S gü'- tgl2' is shown in Fig.3. The maximum value of 

tgl2' is the final point P3 of transition to arc, and the 

maximum tga2' is final value of the tga2 in Fig.3. The 

minimum £ gl2' become to £ gl2, and Vga2 is calculated 

by the equation Vgl2 = £ ga2 X tgl2 too. On the 

result, the t^ is 200 ~ 400 us, and the £ ga2 is 0.3 ~ 0.6 

V/us. Therefore, Vga2 was 60 -240 V . 

On A-G a second slow transition part also 

make for final point P6 past a point Ps after the first fast 

transition. There are that many start points P, of G-A 

happen before the slowly second process get yet up the 

point P6. In these cases, they define final point P6' for 

the start point of G-A(P,). Therefore VIg2', tag2' and 

£ lg2' are obtained for P5 and P6' so that the unfinished 

transition A-G ( Os-P6' ) happened. A characteristic 
of £ lg2' vs- Ugj' is shown in Fig. 4. It was determined 
tJg2 for the maximum value of tga2'. And the  £ lg2 equal 

=*- 1.5 

1.0 

0.5 — 

air. Nz He+Oz 
tga.< • ■ ▲ 

t>J( o a A 

50        tOO 200 300 
average discharge current    I   (mA) 

Fig.2    period of time on first fast transition parts tgsl, ta| 

I characteristics for G-A and A-G 

to £ lg2' of the tJg2. On Fig.4 t^ are about 200 |is 

and £ 2g2 is obtained about 0.1 -0.3 V/ \is . Thus V,^ 

are 20 - 60 V. 

air N* Ue+ft 
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Fig.3    rates of transition voltage per its transition times 
£ ga2' vs. its times tgl2' on slowly transition parts of G-A 
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Fig.4    rates of transition voltage per times  £ ,#' vs. its 

times tag2' on slowly transition part of A-G 

4.Conclusion 
On the measurement of discharge voltage, both 

transition of G-A and A-G have the transition of first fast 

part and second slowly part in high pressre gases of about 

latm.. On both transition , the period of first fast part is 

about 1 us and the period of second slowly part are 200- 

400 us. 
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Volt-ampere characteristics of pulsed 
hollow cathode- hollow anode discharges 

Srboljub Glisic,  Jelena V. Zivkovic, Aleksandra I. Strinic and Zoran Lj. Petrovic 

Institute of Physics, University of Belgrade,  POB 57, 11001 Belgrade, Yugoslavia 

1. Introduction 

Hollow cathode, hollow anode discharges operating to 

the left of Paschen minimum are often known as 

pseudo spark discharges [1]. These discharges have 

complex behavior that is often beyond explanation and 

further experimental and theoretical work is required. 

In this paper we present experimental results for 

voltage - current characteristics of the pulses in 

hydrogen, nitrogen and argon which were obtained by 

application of a di/dt probe with a very wide 

bandwidth thus providing us with an opportunity to 

make a higher resolution recordings of the voltages 

and currents than the data yet available in the 

literature. 

2. Experimental setup 

The pseudo spark device used here has a standard 

cathode - anode geometry. The hole diameters in both 

electrodes was 8.4 mm and the thickness of the walls 

was 7 mm. The gap between the two electrodes is 

very small 2-6 mm allowing operation well below the 

Paschen minimum at high breakdown voltages. 

Discharge pulses are initiated by an overvoltage. A 

14.8 nF capacitor was used to discharge through an 

overdamped circuit. Standard high frequency high 

voltage probe was used to record the voltage 

transients. A special di/dt probe was put close to the 

flat (strip) connection on the grounded side of a quick 

RLC discharge circuit. The bandwidth of the probe 

and the overall detection system exceeds 100 MHz. 

The discharge chamber was evacuated by a diffusion 

pump to some very low pressure and a gas flow at a 

constant pressures between 50 and 20 Pa was 

maintained by a leak valve. 

3. Results 

Discharges could be operated in a single shot and in 

repetition regime. Paschen curves were recorded for 

all gases and showed different modes of operation 

corresponding to different available voltage. A narrow 

region with hystheresis (it occurs at 29 Pa and is only 

0.5 Pa wide) was observed with the transition to the 

high voltage- superdense glow mode. 

During the hollow cathode phase the plasma acts as a 

virtual anode [ 1 ] giving large current density beams of 

electrons [2] which are accelerated in the high 

interelectrode fields. In the superdense glow phase 

extraordinary emission of electrons from the cathode 

surface occurs. This is the result of an intense ion - 

cathode surface interaction. Most studies were 

concerned with the occurrence of superdense glow as 

a function of capacitance that discharges through the 

system and material of the electrodes. If the system 

cannot sustain the high emissivity of the cathode 

surface, current quenching occurs [3,4]. 

Our technique allows us to give a reliable current and 

di/dt waveforms required to describe both the beam 
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and the superdense glow development as well as the 

current quenching process. 

Three distinct modes are observed in voltage and 

current pulses. At highest pressures current pulse is 

smooth with relatively low peak values. At somewhat 

lower pressures, pulsed voltage and di/dt and 

consequently i(t) waveforms show development of the 

hollow cathode discharge and beams of electrons 

followed by numerous oscillations. A pronounced 

quenching occurs at the end of di/dt pulse. The peak 

current, however, is only a factor of 2 higher than that 

in the higher pressure mode. A further small decrease 

of pressure of the order of 5 Pa leads to a dramatic 

increase in breakdown voltage of a factor of more than 

2 and almost a factor of 10 in current. The waveforms 

for this mode are shown in Figure 1. The increase of 

the current in this case is rapid following a small peak 

due to e' beam, with only very few oscillations 

associated with the onset and the end of the current 

pulse. The discharge shows all the characteristics of 

superdense glow which occur in pseudo spark 

switches. The maximum current growth is of the order 

of 1010 A/s even with a low capacitance used in our 

experiment and is an order of magnitude larger than in 

the moderate pressure range. The current quenches 

when potential drops below 1.5 kV which appears to 

be the threshold to sustain the superdense glow in our 

system. The transition between the two modes is very 

well defined on the Paschen curve. 

4. Conclusion 

In this paper we have shown the voltage and current 

pulses in low pressure hollow anode, hollow cathode 

pulsed discharges that correspond to the pseudo spark 

switch geometries.   Oscillations associated with the 

development of the superdense glow stage of pseudo 

spark discharges are observed as well as current 

quenching. Quenching occurs due to a failure to 

develop the superdense glow or due to the failure to 

supply the discharge with sufficient charge from the 

capacitor to maintain the required voltage which in the 

case of hydrogen and the geometry of our apparatus 

appears to be 1.5 kV. 

-iMB-7  ,5.0OB-7  -4.00B-7  -JJME-7   -2.00B-7  -1.00B-7 244B-14  1JWB-7 

time/i/ 

Figure 1 Lower solid curve - di/dt; upper solid 
curve- voltage; dashed curve- current. 
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I. Introduction 
Even though the existence of an atmospheric-pressure 
glow discharge controlled by a dielectric barrier has 
been demonstrated for a long time [1] in helium, the 
fundamental mechanisms controlling this type of 
discharge have not been, till now, clearly understood. 
Recent experiments suggest that residual impurities such 
as nitrogen and oxygen play a very important role in the 
existence of a stable and periodic discharge. As helium 
has metastable states with an energy threshold of the 
order of 20 eV, it can easily transfer a large part of the 
energy stored in these states to ionise molecular 
impurities. This is the well known Penning effect which, 
obviously, cannot occur in pure gases. At atmospheric 
pressure, helium excimers are formed in the discharge. 
These excimers, through dissociation, are able to 
produce photons with an energy of the order of 15 eV. 
No photoionisation processes can occur in pure helium 
but, clearly, nitrogen or oxygen molecules can be 
ionised by these photons. It is therefore likely that an 
increase of the percentage of impurities in helium will 
also increase the importance of the ionisation process. 
However, as in most usual experimental situations the 
percentage of helium impurities is lower than, say 500 
PPM, in this work, we will ignore the photoionisation 
process and we will only consider the role of the 
Penning effect. Furthermore, for simplification, we will 
only consider the influence of nitrogen impurities. 
II - Description of the physical model: 
To carry out this study, we use a numerical model based 
on the solution of the continuity equations for electrons 
and ions coupled to the Poisson equation. The 
accumulation of charge on the dielectric as the discharge 
propagates is carefully taken into account. Furthermore 
as the discharge is followed over times of the order of 
several microseconds, the motion of neutral excited 
species must be considered through the solution of 
diffusion equations. These equations are solved 
simultaneously with the equations for charged particles. 
The model is one-dimensional and gives the time 
variation of the total current, of the gas voltage and of 
the memory voltage (see [2]). Space and time variation 
of most physical quantities (electron, ion and neutral 
densities, electric field , etc) can also be obtained. 
Emission of secondary electrons at the cathode is 
assumed to be due to the impact of various ionic species. 
In this work, three different ionic species are considered 
i.e. atomic helium ions,  He*, molecular ions,  He* and 

Direct processes 

1-He + e —> He* + e + e 

2- He + e —» He(2'S) + e 

Reaction rate 

6.3 10-"cmV 

'5 KV" cmV 

2.510'McmV 

2 10"cmV' 

7.1 10McmV 

110" cmV 

5 10,0cmV 
5 IC' cmV 

2 10J°cmV 
4.8 10" em's' 

1.4 10KcmV 

2.9 10'cmV 
2.9 10'' em's-' 

8 10" em's' 

Three-body interactions 

3- He* + 2He -» He2* + He 

4-He1* + e + He—> He2*+He 

5- He(2JS) + 2 He -> He2* + He 

Recombinations 

6- He* + e —> He + hv 

7- He* + 2e —> He + e 

8- He* + e + He —> He* + He 

9- He2* + e —» He2* + hv 

10- He2* + e —> He(2'S) + He 

ll-He2* + 2e—> 2He + e 
12-N2* + e—> N + N 
13- N2* + 2e —> N2 + e 

Two-body interactions 
14- He(2'S) + e —» He + e 

15- He(2'S) + He(2'S) —» e + He* + He 
Penning ionisation 

16- He(2'S) + N2 —> N2* + He + e 

Table I: Various reactions and reaction rates used in this 
work 

N*. A simplified kinetic scheme is used for helium in 
which only the first metastable state H,(23S) is taken into 
account. According to the reactions given in table I, this 
metastable state is created by direct electron-atome 
excitation (2), after recombination between an ion 
He* and an electron (10). Population of the 2ss state by 
cascade effects not being considered in this work, it is 
likely that our calculations underestimate the rate of 
production of this metastable state. Destruction of this 
state occurs through two-body (14-15) and three-body 
(5) interactions. Three types of recombination processes 
have been considered for every ionic helium species 
including two-body (6) and three-body (7-8) 
recombination. Three-body recombination plays an 
important role in our case since the gas is at atmospheric 
pressure. 
All the reactions taken into account, together with the 
corresponding reaction rates, are given in table I. 
The drift velocity of the electrons, the diffusion 
coefficients and excitation and ionisation frequencies 
were calculated using a numerical solution of the 
Boltzmann equation. 
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Drift velocity and diffusion coefficients for ions were 
obtained from [3]. The secondary emission coefficient 
was assumed equal to 0.02 for helium ions and to 0.01 
for nitrogen ions. 
m - Results : 
The calculations were made in standard experimental 
conditions [2] i.e for an applied voltage of amplitude 
1200 volts, a frequency of 10 kHz, a gap distance of 0.5 
cm. The thickness of the dielectric on the electrodes 
was 0.06 cm The radius of the electrodes was 2 cm. 
Different percentages of nitrogen in helium were 
investigated ranging from 5 PPM to 500 PPM. 
Figure 1 shows, for two cycles, the variation of the 
various electrical parameters (i.e. the discharge current, 
the applied voltage, the gas voltage and the memory 
voltage) for 500 PPM of nitrogen in helium. A stable 
periodic state was clearly reached in which the various 
electrical parameters were reproduced every half cycle. 
Furthermore, a very special shape for the discharge 
current was observed in which a fast varying part 
corresponding to the main discharge current is followed 
by a slowly decreasing tail. This particular shape can be 
compared to the experimental results of Massines et al. 
[2]. However, in the present case, the width of the 
current pulse is longer and its amplitude lower. This 
difference is likely to be due to our simplified physical 
scheme in which, as no cascade effects are taken into 
account, production of metastable states is 
underestimated. The results can also be compared to the 
calculations of Ben Gadri et al. [4]. These calculations 
were made in pure helium. However, to obtain a stable 
discharge, an overestimated high recombination 
coefficient was used. In these conditions, the width of 
the   current   pulse   was   very   narrow   and   no   slow 

250 300 

Time (micro seconds) 

Figure 1 : Applied voltage, gas voltage, memory voltage and 

discharge current for 500 PPM of nitrogen in 

helium (over two cycles of the applied voltage) 

decreasing tail was observed. Clearly the particular 
shape obtained in our present calculations comes from 
the influence of the Penning effect (16) in the creation of 
new  electrons   following   the   interaction   of  helium 

-2000 

Memory Voltage 

Applied Voltage 

Gas Voltage 

* Discharge current 

450 
 1— 

550 600 
 1— 

650 

o c 

3 
> 

-150 

Time (micro seconds) 

Figure 2 : Applied voltage, gas voltage, memory voltage and 
discharge current for 10 PPM of nitrogen in helium 
(over three cycles of the applied voltage) 

metastable state with a nitrogen molecule. 
As we decrease the percentage of nitrogen in helium, the 
discharge becomes increasingly unstable. For nitrogen 
concentration lower than 500 PPM and higher than 10 
PPM, the discharge is reproduced every two cycles. For 
10 PPM the discharge is neither stable nor periodic. 
Figure 2 shows the results obtained in this case. Current 
pulses of different sizes occur corresponding to very 
different gas voltages. 
This strong difference between successive pulses comes 
from the fact that, for low nitrogen concentrations, the 
production of electrons by Penning effect being very 
small, the loss of electrons by recombination becomes 
higher than the production rate. Consequently, after a 
certain number of small amplitude pulses, the number of 
electrons between two pulses is so small that the gas 
voltage must be strongly increased to obtain a new 
pulse. This is for example the case of the fourth current 
pulse in figure 2. For a concentration of 5 PPM no more 
current pulses can be observed. 
From these results, it is then clear that a sufficient 
amount of impurity must be present in an atmospheric 
pressure glow discharge in order to maintain a sufficient 
number of electrons between two current pulses to have 
breakdown starting at low gas voltage. It follows that no 
atmospheric pressure glow discharge can then be 
obtained in completely pure helium. 
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SPATIOTEMPORAL EVOLUTION OF GAS TEMPERATURE IN A 
CORONA DISCHARGE 

AR. de Souza*, M.Touzeau, E. Marode and N. Deschamps 
LPGP-Unrversite Paris Sud-91405 Orsay/France 

* LABMAT/EMC/ UFSC-88041-900 Florianopolis/SC/Brazil 

l.Introduction we are able to build the spectral emission of the 
337  nm band during the development of the 

Corona discharges in air is a well known mean discharge. The temperature is then deduced by 
for applications   such as ozone generation [1,2,3] fitting this spectrum with a calculated synthetic 
air pollution control [4,5]. spectrum based on the same apparatus function 

One fundamental problem in order to [8,9]. An example is given in fig. 1. 
understand the physical and chemical properties of 
theses  discharges  is the evolution  of the gas 3. Results 
temperature   during   the   development   of   the 
streamer and it's filamentary high pressure positive      When observing, with a slit, a specific position 
column (or secondary streamer). In particular this of the discharge axis, the intensity of the 337 nm 
knowledge is  necessary to  model     the ozone band exhibits two peaks corresponding to the 
production   in   this   type   of   discharge.    The streamer passage followed by the emission of the 
importance  of this  question has  already been filamentary positive column (figure 2, plain). The 
pointed out Spyrou et dl [6,7]. time resolved rotational temperatures show rapid 

In this paper we present the evolution of changes in time (figure 2, black points). It is taken 
the rotational temperature in a positive point to 9 mm from the negative plane at 10.8 kV with a 
plane discharge with a time resolution of 5ns and repetition rate of 70 us and an energy per pulse of 
a space resolution of lOOum by a spectroscopic 14 uJ. Tr is of the order of 380 K for the streamer 
technique. Rotational temperatures Tr are derived while, after a pronounced dip, the temperature 
from the (0,0) band of the second positive nitrogen increases again until reaching values of the order 
group N^C3!!,, - B'lTg) at 337 nm. of 400 K. It is remarkable that the.temperature dip 

goes to 315 K in a time as small as 20 ns. 
2.Experimental The maxima of these two peaks are ploted 

as a function of positions from the cathode on 
The experiments are performed in a cell figure 3. Streamer maxima are in white circles, 

containing synthetic air. After each experiment, the while  squares  are maxima  of the filamentary 
gas is changed in the cell. column. It is seen that the intensity of the streamer 

The anode of the discharge is a Rhodium point is maximum near the plane while the intensity of 
with a radius of curvature of 50 urn and a copper the filamentary positive column is maximum at a 
plane having a diameter of 10 mm and a gap length complementary   region,   near   the   point.   This 
of 12 mm.  The discharge filament is focused behavior   has   already   be   explained   in   [10]. 
perpendicularly to the slit of a HR640 Jobin Yvon From the emitted light, integrated in time, the mean 
monochromator with a magnification of 1.   From value of the rotational temperature is found to be 
the    positive    point    self   repetitive    streamer constant all along the gap, increasing slightly near 
discharges are launched with periode in the range the positive point  electrode.   This  temperature 
of 60 to 120 us. The signal is analysed with a fast increases from 320 to 450 K when the voltage 
photomultiplier on a 2 channel digital analyser increases from 8.5 to 11 kV. 
(Tektronics ) triggered by the discharge current In contrast with the result presented heren, the 
Pdses. difference of values of Tr between the streamer 

By means of oscilloscopic averaging the and filamentary column are very different in [6,7] 
intensity spectrum between 335 and 337.4 nm is for a gap slightly larger (15mm). In addition the 
recorded with a step of 0.05 nm and a spectral mean Tr values  along the discharge axis  are 
resolution of 0.1 nm. With various sets of data, changing in [6,7]    while it is roughly constant 
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here. The time resoution of Tr is here larger, since 
it is possible to compare the streamer and column 
Tr's for the same discharge. 

4. Discussion and Conclusion 

A critical analysis should now be developped 
before stating that the rotational temperature is 
equal to the gas temperature. Certainly, Tr is not 
far from T. However, the measured Tr changes so 
rapidly in time that the interpretation can not be 
straightforward. Cooling down, through simple 
thermal cooling, is not possible, since the 
associated time constant lies in the range of 50 
microseconds. A possible explanation could be that 
the very fast decrease of the gas temperature, just 
after the streamer passage, is due to a strong 
streamer channel expansion, which induces some 
adiabatic channel cooling [11]. This is under 
investigation. 
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Figure 1: An exemple of measured and 
calculated discharge spectrum of the (0,0) 
band of the second positive nitrogen groupe. 

Figure 2: Time resoh/ed rotational 
temperature (black dots), and total emitted 
light (plain). 
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Figure 3: Spatial evolution of the rotational 
temperature as a function of position from the 
cathode plane (black dots). Streamer light 
maxima (open circle) and column light maxima 
(open square).V = 12.3 kV; P=0.2 watt. 
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Breakdown Development at High Overvoltage: Electric Field, 
Electronic Levels Excitation and Electron Density 

N.B.Anikin, S.V.Pancheshnyi, S.M.Starikovskaia, A.Yu.Starikovskii 

Moscow Institute of Physics and Technology, Dolgoprudny, 141700, Russia 

1. Introduction 

Pulsed discharge at high overvoltage develops in the 
streamer form or it the form of fast ionization wave 
(FIW) [1]. In spite of common features of plasma 
created the main distinctions between these types of 
breakdown are spatial homogeneity and high repro- 
ducibility of the FIW unlike the streamer. It seems to 
be useful to understand basic features of breakdown 
development at high overvoltages by the example of 
FIW. In this work electric field in FIW front and 
electron concentration behind the front are restored 
from the experimental data. Electronic levels popu- 
lation dynamics analysis is performed on the basis of 
reduced electric field values. 

2. Experimental setup and restoration 
procedure 

Negative polarity voltage pulses with U=15.5 kV pe- 
ak pulse amplitude, 40 Hz repetitive frequency, 25 ns 
duration and 3 ns rise time were used to initialize 
the FIW. Glass discharge tube of 60 cm length and 
1,75 cm inner diameter with the plate electrodes at 
the ends was surrounded by coaxial metallic screen 
6 cm in diameter. 

Modification of electrical signal along the tube 
was monitored with the aid of capacitance detector 
at intervals of every 3 mm along the tube axis. Space 
sensitivity function of capacitive gauge was deter- 
mined from the special experiment. Irradiation from 
discharge was detected using time resolved emission 
spectroscopy technique. Experiments have been per- 
formed in air for the pressure range 1-16 Tor. Pres- 
sure range was taken to be optimal for the FIW prop- 
agation at the high voltage pulse parameters men- 
tioned before. 

The main idea of the restoration procedure was 
based on the suggestion of axial symmetry of break- 
down [2]. In the symmetric charge system signal on 
capacitance detector V(xd) placed in the point xd is 
defined by charge per unit of length q: 

+ 0O 

V(xd) = j q( x)fd(x-xd)dx (1) 

Here fd is spatial sensitivity function of the detector, 
x - coordinate along the discharge tube. Charge dis- 
tribution in the system may be founded through the 

reverse task solving. Then average in the discharge 
tube cross-section longitudinal electric field will be 
expressed as 

E(xd 2siga(xd-x)dx, (2) 

where double halfwidth of f& was taken as an inte- 
gration limits: / ~ 2A/. Singularity at x = x& was 
eliminated through analitycal expansion of function 
under the integral. 

Electrons concentration behind the FIW front at 
the point xo may be restored in the drift approxima- 
tion on the basis of longitudinal charge and electric 
field data: 

oo 

(3) 

Here /ie - electron mobility, e - charge of electron. 

3. Results 

It was founded that electric field profile vs time is 
asymmetric. It rises up to peak value during 3-4 ns 
and drops during ~2 ns, after that smooth diminu- 
tion up to zero or, alternatively, secondary maxima 
observed depending upon pressure. 

10 

1 10 
Peak values of reduced electric field in the cross 

section 20 cm spaced from the high voltage electrode 
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for the different pressures represented on the Fig.l, 
curve (1), may be approximated by power depen- 
dence: E/P = 4.3P-0 82kV/ (cm • Tor). On curve 
(2) of the same picture E/P maximum value re- 
stored without detector sensitivity function consid- 
eration (at the fd — 6{x - xd)) is represented. E/P 
peak value is diminishes strongly with the pressure 
growth. It must influence sharply on the energy 
distribution direction in the discharge. Really, at 
the P=16 Tor maximum reduced field reaches 4.5 
kV/(cm • Tor) and, so, exceeds critical value for the 
"runaway" electrons. On the contrary, at the P=16 
Tor peak E/P value reduces to 0.5 kV/ (cm • Tor) 
and corresponds to effective ionization and electronic 
levels excitation. 

It is of interest to compare time dynamics of elec- 
tronic levels population with the electric field stre- 
ngth data. We controlled shapes of ionic transition 
N2

+, P2£+ — X2£+ and N2, C3IIU — B3H, tran- 
sition countours temporary evolution in the FIW 
at different pressures. Figure 2 shows the time r 
while radiation intensity growths from 0.1 of its max- 
imal value up to the maximum. Curve (1) corre- 
sponds to the second positive system of nitrogen (A = 
337.1 nm), and curve (2) corresponds to the first neg- 
ative system (A = 391.4 nm). 

30 

10 

1 
[ r> ns 1 1 

'Fig.2 

Sys o ■ 

"~o~— _____1 

\. 
o 

■ 
i 

If 

- 
B^-- "--—2 

■ 

1 ' 

■ 

(P, Tor 

0 5 10 15 20 25 
At low pressures levels with different excitation 

energy (e^ = 18.75 eV for 1" and e2+ = 11.03 eV 
for the 2+ system) are populated during practically 
the same time. It means the absence of selectivity 
of energy distribution between these two channels. 
With the pressure growth rise time of radiation be- 
comes much more smaller for the 1~ system than for 
the 2+. 

From the electric field and electronic levels popu- 
lation dynamics it may be deduced that at low pres- 
sures, where maximum E/N exceeds significantly 
critical value for run-away electrons arising, electron 
energy distribution function (EEDF) in the nonelas- 
tic processes energy region remains practically the 
constant.   It leads to the loss of selectivity in the 

energy distribution processes. 
Pressure increase from 0.3 to 4 Tor tends to the 

reduced electric field diminution from 10 to 1.5 kV/ 
(cm-Tor). As this take place, "runaway" criterion 
is true only in the narrow zone of FIW front where 
electric fields are maximum. The fall of the EEDF 
in the nonelastic thresholds region becomes signif- 
icant and leads to the strong dependence of elec- 
tronic level population velocity vs its energy thresh- 
old. N2 (ß

2Sj) - level is populated with character- 
istic time ~ 3 ns. It coincides with the halfwidth of 
electric field pulse in the FIW front. To the contrary, 
N2(C3nu) - level population takes place all the time 
until pulse back front come in the cross- section, that 
is population extends over the approximately weak 
fields behind the FIW front. 

Ionization degree behind FIW front represented 
in the form a — ne/N, where TV is neutral gas density 
is shown on the Fig.3. 

.a, xlO4 Fig.3 
1.4 
\ 
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P. Tor^ ~ 

1 .        10 
Ionization degree diminishes with pressure, while 

electron concentration reaches its maximum value 
1.2 • 1013 cm-3 at the pressure, correponding to the 
maximum of FIW front velocity. 

4. Conclusions 

Thus, correlation between electric field and electronic 
levels population velocity in the FIW front has been 
demonstrated on the basis of experimental investi- 
gation. Electron concentration behind the front of 
ionization wave has been determined. This work was 
supported in part by grants 96-03-32746 and 96-02- 
18297 from Russian Basic Research Foundation. 
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Spatial Homogeneity of Plasma Created by Fast Ionization Wave in 
the Big Discharge Volume. 

S.M.Starikovskaia, A.Yu.Starikovskii, D.V.Zatsepin 
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1. Introduction 

Different types of discharges are nowadays widely 
used for technical applications: plasma etching, ma- 
terial deposition and so on. One of the main prob- 
lems remains spatially uniform discharge production 
in the big volume of the gas. 

It is known that at the great overvoltage on the 
discharge chamber electrodes breakdown develops in 
the form of fast ionization wave (FIW). Due to high 
velocity and non-local character of propagation FIW 
allows to obtain relatively uniform nonequilibrium 
plasma in the big volume of gas at the time moments 
~ 10-8 s. The most characteristic features of FIW 
breakdown for the pulse altitude U = 15 -r- 30 kV 
and few nanoseconds rise time are the follows: FIW 
front velocities v = 10s—1010 cm/s, electrons density 
behind the FIW front ne ~ 1011 -=-1012 cm"3, pres- 
sures P = 0.1 -j- 50 Tor, reduced electric field values 
E/N = 10~16-=-10"14 Vcm2. Obtained plasma may 
be interesting both for technical applications and el- 
ementary processes studying. 

The principal question in the FIW investigation 
is the role of discharge chamber walls in the FIW 
development and propagation [1]. Up to now FIW 
propagation studied in the long discharge tubes or 
in the high- ionized channel of laser spark, where 
cold gas around the channel play the role of the dis- 
charge sell walls. At the big diameter of discharge 
tube it is possible to choose experimental conditions 
so that discharge will be uniform in the cross- sec- 
tion of the discharge chamber. In [2] it was shown 
for the 5 cm diameter discharge sell. The only work 
is known [3] where FIW was studied in the conical 
glass shell 28 cm in diameter and 50 cm in height 
by the electronic- optical camera with nanosecond 
temporary resolution. 

The aim of this work - more detail analysis of 
spatial homogeneity of discharge propagated in the 
form of fast ionization wave in the big volume dis- 
charge chamber. 

2. Experimental setup and restoration 
procedure 

Experimental setup is presented on Fig.l. Discharge 
in the form of FIW was organized in the cupola glass 
chamber 40 1 in volume. High voltage stainless elec- 
trode 20 mm in diameter was surrounded by section 

of glass tube 35 mm inner diameter. Low voltage 
grounded electrode 200 mm in diameter was placed 
at 350 mm from the high voltage electrode. Diame- 
ter of the lower plate of the discharge chamber was 
370 mm. Discharge volume may be pumped to the 
pressure P ~ 10~3 Tor. 

High voltage electrode was connected with pulsed 
voltage generator (PVG) by coaxial cable with 50 
Ohm wave resistance 10 m in length. Cable screen 
was coupled to the grounded electrode by a copper 
bar. 

Discharge volume was pumped to the pressure 
10-3 Tor by oil pump end then filled by air or nitro- 
gen through the special hole in the grounded elec- 
trode. Pressure was registered by pressure gauges 
PMT-2 and 6MDx4S. 

D (XX> 
Current Shunt 

PVG 

Oscilloscope S9-4A 

Fig.l: Experimental setup. 

High voltage negative polarity pulses with 15.5 
peak pulse amplitude, 25 ns duration and 3 ns rise 
time from the pulsed voltage generator were applied 
to the electrodes with repetitive frequency 40 Hz. 
Voltage pulse parameters were controlled by cali- 
brated low-inductive current shunt included in the 
coaxial cable connected PVG with a discharge cham- 
ber. Cable screen was connected with the grounded 
electrode by copper strip. 

The velocity of FIW front propagation in direc- 
tion from high to low-voltage electrode was measured 
through the luminescence front propagation control. 
Emission from the discharge volume was registered 
by photomultiplier FEY-87 (300 - 600 nm spectral 
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region) moved along the axis of the discharge volume. 

3. Results 

At the pressures 10~2 -10 Tor in air it was observed 
either discharge conically filled space between elec- 
trodes or barrel form discharge. At 2-5 Tors visually 
spatial violet shining was observed. With the dimin- 
ishing of pressure shine region near the discharge sell 
axis arose. 

Dependencies of emission intensity upon the time 
for the different distances are represented on Fig.2. 
Measurements were made at 20 mm intervals in verti- 
cal direction. Maximum of intensity is reached after 
a 10 -=-15 ns after high voltage is applied to the elec- 
trodes of discharge chamber. Sharp diminishing of 
the emission intensity was observed as distance from 
the high voltage electrode increased. 

of electronic levels excitation in FIW and radiative- 
quenching depopulation of these levels (Fig.3). 

x, cm 

Fig.3: N2(C3IIU) ->N2(B3n9) system emission intensity 
during discharge development in the cross-section 12.5 cm 
from low-voltage electrode. 

Maximum of emission intensity dependence upon 
radius is related to the diminishing of the FIW inten- 
sity with the distance from the axis and simultaneous 
diminishing of the optical length of gas gap. Real 
emission intensity distribution I(R,t) in the cross- 
section may be restored through the reverse task 
solving. It was obtained that intensity of the emis- 
sion drops very smoothly: intensity from the regions 
near the walls was only 15-20% less than from the 
center of discharge volume: (I(R0,t)/I(Q,t) ~ 0.8) 
in the both cross-section studied. 

Fig.2: N2(C3nu) ->N2(B3n9) system emission intensity 
during discharge development along the discharge axis. 

FIW front propagation was determined from the 
H — t diagrams of the optical emission on the base 0- 
18 cm from the high voltage electrode at the pressure 
2 Tor and 0-32 cm at the lower pressures. At the P — 
2 Tor delay of the FIW velocity was observed. In all 
the cases FIW amplitude attenuation was detected at 
the motion from high voltage to grounded electrode. 

Dynamics of emission in the cross section of dis- 
charge chamber have been obtained at distances 12.5 
and 25 cm from the low voltage electrode. In the 
both cross sections emission dependency has strong 
maxima upon the time and radius. Increasing of the 
emission with time ( 40 ns from the moment of FIW 
reach the cross-section) corresponds to the registra- 
tion system aperture fulfillment and emission inten- 
sity increasing in the every point of discharge volume 
due to finite curvature and duration of FIW front. 
Decay of the emission explained by the finite time 

4. Conclusions 

Thus, opportunity is demonstrated to realize free 
boundary fast ionization wave in the big volume of 
the gas. Obtained plasma is characterized by high 
spatial homogeneity. 

This work is particularly supported by Russian 
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Plane VUV optical source on the base of multi-channel sliding discharge. 
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1. Introduction 

High-current open discharge is one of the most 
powerful laboratory sources of radiation in the VUV 
spectral region. Its application to optical pumping of 
photoryticalry excited laser mediums allows to obtain 
high output and specific laser energetic characteristics 
[1-3]. A variety of initiation techniques, such as 
electrically   exploding   wires   [1,2],   formed-ferrite 
surface discharge [4] and dielectric-barrier discharge 
[3,3,6] are applied for spatial and temporal stabilization 
of open discharges. The last-mentioned method is 
commonly used for preionization, as plasma electrode 
[7], or for direct excitation in gas lasers. Its main 
advantages  are  the  possibility  of pulse  periodic 
operation and achievement of large area discharge 
plasma sheet formation. However, due to the relatively 
low electric current denary in the plasma sheet, this 
type of discharge has a low brightness temperature in 
VUV being transparent in this spectral region [5]. 
The main goal of our work was to develop a large area 
VUV radiating plasma source on the base of multi- 
channel sliding discharge along the surface of dielectric 
material. This approach allows to increase the electric 
current density in the discharge channels (relatively to 
the plasma sheet) which results in plasma electronic 
and optical densities rise that leads to the increase of 
discharge brightness temperature in VUV. The spatial 
expansion of plasma channels during the excitation 
pulse will lead to obtaining sufficiently large radiating 
area if the channels are formed closely to each other. It 
should be noted that an optimum of plasma channels 
arrangement density exists for fixed experimental 
conditions which is set by dependence of discharge 
energetic parameters on the number of the channels. 

2. Experimental setup 

Schematic of the device is introduced on Fig. 1. A 
scheme with three electrodes is chosen in order to 
obtain simultaneous breakdown of seven parallel 15 cm 
length 8 mm spaced discharge channels. High voltage 
and ground electrodes are fixed on the opposite sides of 
the Teflon substrate and are connected with the energy 
storage capacitor (Q, = 0.22uF) by current return metal 
rods which are located at 1,5 mm under the dielectric 
surface. Separated intermediate trigger electrodes are 

charged up to the one third of the initial voltage of die 
storage capacitor (Vo) and driven by an abrupt Ugh 
voltage negative polarity trigger pulse. 

^yyyy^yyyy^t 

Fig. 1: Schematic of the experimental setup. 

Voltage and current wave forms were monitored with a 
high-voltage probe (Tektronix model P 6015) and a 
Rogowsky coU, respectively. Time and spatial plasma 
evolution was registred by a fast gated intensified CCD 
camera. 

3. Results and discussion 

Fig. 2 represents the time evolution of the current and 
voltage of a discharge in 1 arm of a gas mixture 
ArN2=10:l. The process of gap breakdown is 
characterized by three stages that were observed with 
the CCD camera. During the first stage (0-200ns) the 
trigger pulse initiates barrier discharge along the 
substrate surface which results in the right gap 
breakdown. Trigger capacitors (C* - 0.14nF) are 
charged up to almost Vo tension. Then the left gap 
breakdown occurs allowing trigger capacitors to 
discharge to the ground electrode (200-300ns). During 
the third stage the discharge of storage capacitor along 
the formed plasma channels takes place which exhibits 
good impedance matching with the load and uniform 
radiation of the plasma channels (Fig.3). 
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We found out that the uniformity of the plasma 
channels is mainly controlled by the trigger pulse 
characteristics and that the increase of charging voltage 
Vo leads to a significant current pulse shortening We 
observed that uniformity of the channels was only 
dependent on the two initial stages. This discharge 
behaviour allows to easily scale the main circuit 
energetic characteristics and to reach plasma brightness 
temperature values in the VUV spectral region up to 
-30 kK [1-3]. 

-20 1 ■ ■ '  ' '  ■   ■ ■   ■ '   ....  I  ....  I   ■■   .   , 

-0L2    0     02   0.4   08   08     1 

Time (us) 

1.2 

Fig. 2 : Trigger voltage (V*), main voltage (V) and 
current (I) of a discharge .with seven 
channels in 1 bar of ArN2 - 10:1 and a 
charging voltage V0 = 17 KV. 

Fig. 3b : Transverse section of the spatial light 
intensity distribution emitted by the plasma 
channels of the surface discharge device. 

4. Conclusion 

In the present work we have proposed a multi-channel 
surface discharge scheme without any high power 
switch to trig the main energy reservoir. CCD camera 
Studies have shown that many parallel plasma channels 
can be simultaneously initiated with a high uniformity 
of the plasma radiation. The scalability of the proposed 
scheme energetic parameters makes it possible 
obtaining high brightness temperature values in VUV 
spectral region. 
The report will present a more detailed study on the 
performed VUV radiation plasma source and its 
electrical and optical characteristics. 

This work was supported by the DRET (Direction des 
Recherches et des Etudes Techniques) of the fiench 
Defense Agency. 

Fig. 3a : Integrated CCD camera photograph of seven 
plasma channels working simultaneously in 
1 bar of Ar:N2 - 10:1 and a charging voltage 
of 17 kV (scale 1cm = 2cm). 
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Correlation between Corona Spectral Intensities and Discharge Geometry 
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1. Introduction 

Corona discharges are of increasing importance for 
applications like flue gas treatment, deNOx 

reactions or cleaning of motor exhaust fumes. 
Besides other common geometries like point-plane 
or wire-wire con-figurations the wire-cylinder 
geometry is very popular. A good relation of 
discharge volume to active volume and the 
possibility to implement optical diagnostics lead to 
a variety of investigations [1]. 

Optical emission spectroscopy is a powerful tool to 
study corona discharges [2,3]. The intensity of the 
emitted light is nearly proportional to the intensity 
of the discharge power which is dissipated by 
electron impact. 

2. Basic Considerations 

The mechanical parameters of a wire-cylinder 
configuration depend mainly on the tension of the 
wire. Fixed at its both ends the wire represents a 
mechanical resonance system with the resonance 
frequency being a function of the wire tension. In 
order to control the tension we implement a spring 
with variable elongation. The deformation of the 
spring corresponds to Hook's law: 

D   . a =—-As 
A 

with As being the elongation of the spring, A the 
sectional area and D the elastic constant. When 
corona starts the intensity depends on the diameter 
of the wire, its distance to the cylinder and the 
applied voltage. During DC-voltage all parameters 
remain    constant.    Using    AC    voltage    with 

frequencies near the mechanical resonance 
frequency of the wire in the tube the corona 
intensity oscillates with the supply frequency and 
drives the wire mechanically. Therefore the 
distribution of streamers in the discharge is reduced 
due to the wire being mechanically displaced by the 
discharge. The mean value of the emitted light 
intensity decreases subsequently corresponding to 
the decrease of the discharge intensity. 

3. Experimental Set-Up 

The investigation of the frequency dependence of 
the corona intensity consists of three parts: 
1. The AC power supply in the range of the 

expected resonance frequencies. 
2. The wire-cylinder configuration is adjustable by 

a variable tension. 
3. The optical emission is monitored on line. 

The power supply used in these experiments 
provides 20kV at currents of up to 5mA and 
frequencies up to 1kHz. The signal form and the 
frequency are adjusted by a microcontroller (s. 
figure2). 

M-^ 
switching 
device 

high voltage rectifier 
tfamfactner 

Figure 2: AC high voltage power supply 

The discharge reactor bases on two tubes connected 
via a M38x2 thread. Turning one part against the 

supply 

movable ruler 
roller bearing 

spring M38x2 thread wire 

^ 

optical 
emission 

\ acryl glass 
luminium 

high voltage connector 
Figure 1: Experimental wire-tube arrangement 

XXIIIICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-55 

other the total length of the reactor can be adjusted. 
Botton and top plates are made of acryl glass and 
teflon, respectively. Thus the experiments are not 
disturbed by torsion problems. 

The detection unit consists of an UV-C-sensitive 
tube (UV-TRON, Hamamatsu) and the counting 
electronics (s. figure 3). For a predeterminated time 
of one minute the unit counts all incoming UV-C- 
photons with a sensitivity of 1000 counts per 10" 

W/cm2. The spectral response ranges from 180nm 
to 230nm. 

Figure 3: UV-C detection circuit 

4. Results 

an objective minimum at about 300Hz can be 
observed. 

5. Conclusion 

The experiments show an intensity dependence of 
the corona discharge on discharge geometry and 
mechanical parameters. When using geometrical 
configurations like wire-cylinder configurations for 
applications like pollution control the user has to 
take into consideration the relation of electrical 
(supply voltage, frequency) to mechanical (tension, 
geometry) parameters. We can conclude that the 
supplied electrical power is subject to mechanical 
absorption at experimental conditions where the 
supplied frequency corresponds to the mechanical 
resonance. 
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Figure 4 shows the dependence of the emitted light 
as a function of the supply voltage and frequency. 

Figure 4: Emission intensity as function of 
supply voltage and frequency 

In this experiment the resonance frequency of the 
reactor was adjusted to about 300 Hz at the 
following discharge parameters: diameter of the 
wire: 0.4mm and diameter of the tube: 30mm. The 
intensity increases gradually from lOkV to 14kV. 
Over the whole voltage range from lOkV to 20kV 
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Temporary Corrosion Resistance using Corona-assisted Coating 
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1. Introduction 

Up to now, temporary corrosion resistance for cold 
rolled steel is realized by coating the surface with 
oil at the end of the production line. Removement 
of this oil is very expensive and causes a lot of 
environmental problems. On the other hand, the 
process of cold rolling is responsible for 
displacement errors e.g. for gaseous enclosures 
which appear as sharp defects on the surface (s. 
figure 1). These surface areas are corrosion 
sensitive. Organic coating is a commonly employed 
corrosion resistance technique [1]. Polymer films 
exhibit the advantage of high water resistance. 
Corona-assisted coating using organic gases offers 
the possibility to coat steel in an easy and cost- 
effective manner under atmospheric pressure [2]. 

Figure 1: Defects in cold rolled steel 

2. Basic Mechanisms 

The use of a point-plane-configuration in a butane 
(C4H10) atmosphere results in a thin polymer-like 
film deposited on the substrate. A computer 
simulation of a positive corona discharge shows 
electrons which are accelerated up to 20keV. They 
crack the butane chain when they hit it. The 
gaseous molecules and the fragments of the 
collisions are ionized or excited by further electron 
impacts [3]. The fragments of the butane are 
radicals (e.g. C2H2 or C3H7) and ionized particles. 
The ions are accelerated by the electric field 
towards the substrate. When they reach the steel 
surface they firstly hit an oxygen atom of the 
oxidation layer of the steel surface. Through a 
chemical reaction the ions should build up 
polymer-like structures in combination with the 
surface oxygen atoms. The radicals generated by 
the corona are accelerated in axial direction by the 

electric wind and in tangential direction by the 
drifting ions. When they also reach the surface, 
they enhance the polymerization reaction. 

The inhomogenities of the surface proves to be a 
singularity of geometry which forces the local field 
to peak. Thus ions near these shrink holes are 
deposited essentially at the edges of these holes. 
Therefore corona-based coating can be regarded as 
a very effective corrosion protection. 

3. Experimental Set-up and Procedure 

In order to test the efficiency of corona coating and 
the influences of different electrode geometries of 
different gas mixtures and of different supply 
voltages a special corona reactor has been designed. 
It is connected to a gas reservoir of butane and 
argon. Using a valve the reactor can be filled with 
air or evacuated to 50mbar. At first the reactor is 
flushed with argon, pumped a second time an then 
filled with butane or a combination of butane and 
argon. The reactor walls are made of polyacryl and 
allow the scientist to observe the discharge. Using a 
silicon glass lens the discharge is imaged onto the 
entrance slit of a monochromator. The spectrally 
resolved intensity is monitored by a multi-channel- 
plate intensified CCD camera" attached at the 
position of the exit slit [4]. 

Em 

Figure 2: Schematic of the corona reactor 

The electrode mount is designed for several kinds 
of electrode configurations. Besides a DC source 
we built up a 20kV (5mA, 1kHz) AC source and a 
pulse-width modulation-controlled pulse source 
(34kV, 84 mJ). Both sources are provided with a 
microcontroller, a user interface and a RS485 serial 
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connection. In combination with the stepping motor 
of the monochromator and the programmable 
camera the experimental set-up is automated. All 
components of the set-up are prepared for the use in 
an integrated production process with on-line 
control. The process control is based on the optical 
emission spectroscopy (for setup see [4]). 

4. Results 

The first effect which is observed during the 
coating process are soot spots on the surface in the 
centre of each discharge streamer. The rest of the 
coating is invisible. 

One of the specific features of the polymer coating 
is the high water rejection function being tested by 
saturating the probe with steam. As shown in figure 
3, an area of diffuse reflection is visible. These 
areas correspond to the coating. 

Figure 3: Probe saturated by steam 

In order to examine the coating ex-situ several 
scanning electron microscope images were taken. 
Figure 4 shows a soot particle on a coated probe. 
The SEM images do not exhibit the coating 
directly. The only way to recognize the effect is to 
observe the contrast of two images of uncoated and 
a coated rolled steel. The sharp edges of the shrink 
holes are smoothed by the discharge process. 

Figure 4: SEM-picture of the coated surface with 
carbon particles in the foreground 

The surface of cold rolled steel is usually too rough 
(the height of the coating being thin as compared to 
the R,, value) for a correct thickness measurement. 
Therefore a silicon wafer has been coated and 
examined by a scanning probe device.,The polymer 
film does not allow the use of optical scanning 
probes and before using a diamond needle probe 
the coating will have to be hardened by a second 

corona discharge under air. Figure 5 shows a height 
plot with a maximum deposition of 2 um. 

Name: CORO102 Dimensions: 10383.00 Microns * 7383.00 Microns 

Figure 5: Height plot of a coated silicon surface 

Finally the coatings have been tested for corrosion 
resistance. Thus a four-days-test with sprinkled salt 
water is performed using a probe being partially 
coated. The untreated area corrodes shortly after the 
test. The coated area is resistant but finally the 
corrosion process surrounds the coated area and 
begins to start at the coated part of the probe, too 
(see figure 6). 

Figure 6: Probe after a four-day-sprinkle-test 

5. Conclusion 

In conclusion we can state that corona-assisted 
coating is an efficient way to realize a temporary 
corrosion resistance, e.g. for the protection of steel 
for transport purposes. 
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1. Introduction 

The problem of ultra fast and spatially homogeneous 
ignition of combustible mixtures is very topical for 
internal combustion engines elaboration. The aim 
of present work was an experimental study and nu- 
merical analysis of the high-voltage pulse nanosec- 
ond discharge adaptation for spatially homogeneous 
ignition of H2-O2 mixtures. 

2. Experimental setup 

Experimental setup, which provide separated and 
controlled excitation of internal and translational de- 
grees of freedom consists of the shock tube - shock 
wave generator, connected with the 30 cm-length 
coaxial discharge dielectric section. Shock tube was 
made from stainless steel and has a square section 
25 x 25 mm with the low-pressure channel length 
1.6 m. High-voltage nanosecond breakdown ioniza- 
tion waves in discharge section is generated by pulse 
Marks generator. The voltage increasing rate at the 
high-voltage electrode was about 0.5 MV/ns. Total 
energy, emitting in the discharge during 25 ns, was 
in the range of 5 — 50 J. 
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Shock wave causes the gas translational degrees of 
freedom heating. Variation of the reduction electric 
field E/N in the discharge defines direction of the 
energy contribution. When value of E/N is small 
(~ 10-17—10-15 V-cm2) the main part of the energy 

transmits to the vibrational degrees of freedom and 
particularly to the rotations. When E/N is more 
high, then effective gas ionization and excitation of 
electronic levels of the molecules by electrons begins. 

3. Numerical model 

Numerical model, used in the present work for igni- 
tion description in the H2-O2-N2 system, was based 
on the kinetics scheme [1]. This model was com- 
pleted by the set of reactions, which describe free 
radicals appearing due to the ionization wave devel- 
opment. It was assumed that fast ionization wave 
can be described as a momentary source of the H, 
O and N atoms. Atom concentrations estimation at 
the discharge break-off time (r ~ 25 ns) was made 
on the basis of data [2-4]. Ionization wave influence 
(U ~ 250 kV) on the mixture H2:02:N2 = 5 : 19 : 76 
induction time nn<< at po ~ 1 atm were shown on the 
figure. 

Calculations shown additional increasing of the 
discrepancy between different ignition regimes with 
the translational temperature decreasing (T^nd/T^nd ~ 
10 and 1000 at T = 1100 and 1000 K, respectively). 

4. Conclusions 

We demonstrate a high efficiency of the high volt- 
age ionization wave for spatially-uniform excitation 
of the chemically-reacting systems. Data for ignition 
time delays was found for oxygen-hydrogen mixtures 
and numerical analysis of chemical kinetics was per- 
formed under shock wave and high voltage ionization 
wave simultaneous affection on the gas. This work 
was supported in part by grants 96-03-32746 and 96- 
02-18297 horn Russian Basic Research Foundation. 
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Negative Ion Diagnostics in a Non-Maxwellian Plasma 
Containing Negative Ions 

H. Amemiya 

The Institute of Physical and Chemical Research (RIKEN) 
Hirosawa, Wako, Saitama-Pref. 351-01, Japan 

1. Introduction 
Negative ion diagnostics was made by a probe in e.g. 
H" sources [1], The main principle was in the use of the 
current ratio (CR) between electron and ionic parts of 
the probe characteristics. However, when the negative 
ion density ratio is not large, the method is difficult to 
evaluate the parameter. Another reason is that, if the 
electron temperature Te is much higher than the 
negative ion temperature Tn, the Böhm criterion was 
kept almost at KTg/2. A method of using the second 
derivative of the probe current was thereafter applied [2]. 
In strongly electronegative gases, like iodine, where the 
Böhm criterion decreases toward KTn/2, the both 
methods were found to be reasonable [3]. The change of 
the criterion was then fully analyzed [4] and recently 
using this the CR method has been refined for the case 
of relatively large negative ion density ratio [5]. 
However, all these methods are valid only for the case 
where the electron energy distribution f(E) is 
Maxwellian. In many cases of plasmas containing 
negative ions, f(E) is non-Maxwellian. In view of these 
facts, the purpose of the present paper is to consider the 
diagnostics in non-Maxwellian cases. 

2. Formulation 
We follow Allen's method [6] of using the dispersion 
relation which is given by 

U (co - kv)2        JM (co - kv)2      ]_a 

fj(v)dv 

(co - kv)2 

= 1. (1) 
where co: angular frequency, k:wave number, fe, fn, f;: 
velocity distributions for electrons, negative ions and 
positive ions, respectively, cope=Nee2/e0m, o> = 
Nne2/e0Mn, <Dp=Npe2/e0M, Ne, Nn, Np: densities of 
electrons, negative ions and positive ions, m.Mj^M: 
mass of each species. The integration is performed 
along the Landau's contour. A steady state co=0 is 
assumed. The charge neutrality holds at the sheath edge 

Ne+Nn = Np. (2) 
Multiplying (kXD)2 on both sides of eq.(l), we obtain 

(1-oQ (   fe(v)dv |   a  f   fn(v)dv   |   ,- /"°^(v)dv 

=(kXD)2/(m<ve
2>/2), (3) 

where the Debye length is defined as \D=a>pe<ve>, 
<ve>: average electron velocity and a=Nn/Np. In the 
limit of kA.D-»0, and assuming fn(v) is Maxwellian 
with a negative ion temperature Tn, we have 

M 
^-(k«) 

m L v2    KTn' (4) 

where an asymptotic formula in the dispersion relation 
[7] was used for the negative ion term. 

3. Sheath criterion and the positive ion 
current 

Assume that fe(v) can be measured by probes directly or 
by using the Druyvesteyn method [8] in the form of 
kinetic energy distribution F(E); E=mv2/2. The integral 
of the second term of RHS of eq.(4) is partially 
integrated and by way of the relation 3fe(v)/3v=- 
(m/2)F(E), eq.(4) leads to 

-Uvl2^ 11^0 
M 

F(E)E-!dE + -Q- 
KTn 

(5) 

In order for positive ions to have this kinetic energy 
at the sheath edge, the sheath edge potential Vs can be 
expressed as 

/•«. 
-1 

(6) eVs= [(1 - a)    F^E^dE + -2fl_] 
JO K^n 

The positive ion density at the sheath edge Np is 
balanced by the electron density there Ne which is given 
by almost reflected components for a deeply negative 
electrode potential as 

5e.2k_=2r yf(y)dv J~ ^rrdv:F(Em 
Neo      I    V^vTm V1?^ 

•'vs /eVs 

(7) 
where Vs is the sheath edge potential. The negative ion 
density Nn is given by 

5n=Nn/Nno=exp(-eVs/KTn). (8) 

Neo and Nno are electron and negative ion densities in 
the unperturbed plasma with the density N0. Therefore, 

Neo + Nno = N0. (9) 

Putting cto=Nno/N0, we obtain from eq.(7)-eq.(9) 
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a = - a08n 
8e(l - a0)+a08n 

The positive ion current is given by 

I+=eSNp(2eVs/M)1/2; S: probe area, 

where eq.(2), eq.(6)-eq.(8) should be used. 

(10) 

(11) 

4. Electron and Negative Ion Currents 
The electron current and negative ion current are 

Ie=^eo 

JeVp 

In=eSNn<n/^'e-Yn;71= 
V 2rtMn 

F(E)dE,       (12a) 

^2-, y=^. (12b) 
KTft   '  Tn 

The saturated current Is at Vp=0 (space potential) is 

Is= fSHo { (1. «^^ ♦«oJ^T },       (13) 
4    *■ V 27rMn   J 

where <Ve> is the mean electron velocity. 

5. Experimental study 
Experiments have been performed in a radio frequency 
(RF) discharge in oxygen [10]. The second derivative 
has been measured by the AC method [11], modified 
such that by the crystal control the superimposed 
frequencies included a prime number 17 distinct from 
113 contained in 13.56MHz to avoid coupling of 
overtones with RF. Moreover, symmetric electrodes 
suppressed fluctuation. 
Figure 1 shows the probe current Ip, and the derivative 
Ip" where peaks 1,2 denote electrons and negative ions. 

-25   -20   -IS    -10    -5       0      5      10     IS     20    25 
Vf(V) 

In the first method, Nno/Neo(=ao/(l-o:o)) is directly 
obtained from the ratio of peak areas in Ip"-curve as 

Nno=j5lZln!^i;(0)/ 
Neo    V    m        2 ' 0 

&Vp)Vp1/2dVp, (14) 

where Vp is the probe voltage measured from the space 
potential to a negative bias. We obtain Tn=0.25eV. We 
obtain Oo=0.55 for O" and 0.62 for 02" by eq.(14). 
Figure 2 shows the electron energy distribution F(E) 
compapred with Maxwellan and Druyvesteyn. 

Fig. 2 

0.06 RF  02 
M:Maxwellian 
D:Druyvesteyn 

tSOM 
ST 

M            . 

~-J? 
»            experiment 

0.02 

n 

^^^v 

10 20 
E(eV) 

30 40 50 

In the second method, the current ratio R=(Is+In)/I+ 

which is a function of F(E) and cc0 is utilized. 
However, contrary to the method of using L,", eq.(6), 
(8)-(10) should be iteratively used to solve OQ. For the 
data of Fig. 1, we obtain R=20, and OQ exceeds 0.9. 
The discrepancy from the first method suggests that the 
probe perturbs the plasma and erroneously reduces Is. It 
is necessary to know the value of R for the case without 
negative ionsto to determine CCQ in a calibrated way [3]. 
The neglect of a finite kXp effect in the sheath model 
would restrict the applicability to a relatively dense 
plasma. Furthermore, in the case of RF discharges, the 
effect of a finite co should be included for a more 
accurate description of the sheath criterion [11]. 

6.   Conclusion 
The method of using the second derivative is useful for 
negative ion diagnostics when Tn is so low that the 
negative ion peak 2 in I" is separable from that of 
electrons. In the opposite case, which happens e.g. in 
DC hollow cathode discharges in electronegative gases 
[12], the CR method becomes inevitable but should be 
used by calibrating R with that of electropositive gases. 
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Validity of electrical probe measurements in RF plasma 
checked by optical spectroscopy diagnostic 

Abdelbasset Hallil, Hiroshi Amemiya and Kazuo Shimizu 

The Institute of Physical and Chemical Research , 
Hirosawa 2-1, Wako-Shi, Saitama, 351-01, Japan 

1. Introduction 
The kinetics of the generation of reactive 

species in plasma is controlled by the electron energy 
distribution function (EEDF). Only Langmuir probe 
diagnostic method leads concisely to such quantity after 
calculation of the second derivative f(E) of the probe 
characteristic. Although, the widely used cylindrical 
probe permits a reliable determination of f(E) only for 
energies less than 9 kTe [1], due to the important 
contribution of the ion current second derivative in f(E) 
at high energies. To determine f(E) more precisely at 
high energies, spherical or planar probes are suitable, 
because they are insensitive-tcr the ion part in the second 
derivative. Notice that in spherical probe the ion current 
varies linearly with the voltage while in the planar one 
it is constant. This obviously leads to zero second 
derivative of the ion current and therefore to more 
reliable determination of f(E) at high energies. 

Moreover, still doubts exist in the high energy 
tail of f(E) due to the contribution of noise. Therefore, 
it seems necessary to check the validity of the second 
derivative by means of other simple and reliable 
discharge diagnostic methods like optical emission 
spectroscopy. 

Here, for a particular spectral line.in RF argon 
discharge at different powers and pressures, we report 
comparisons between optical emission intensities 
measured by spectrophotometer and those calculated by 
integration of the probe measured electron energy 
distribution function multiplied by the excitation cross 
section of the considered spectral line. 

2. Experimental method and apparatus 
The RF plasma reactor used for the study has 

been described in detail elsewhere [2]. Briefly, it 
consists of a 6-in.-diameter Pyrex glass vessel 
containing two parallel plates of 8 cm diameter 
separated by a distance of 2.5 cm. The power was 
supplied to the electrodes by a 13.56 MHz RF oscillator 
through a matching element of the bridge type. The 
plasma was confined in a multicusp magnetic field MC 
of SmCo magnets constructed in a drum-type 
configuration. After evacuating the vessel by a diffusion 
pump below 10"^ Torr, argon gas was introduced 
through a mass-flow controller in the range of 10 to 
220 mTorr. A stainless steel plane probe with a 
diameter of 3 mm was placed at the discharge center 
between the two electrodes. To avoid distortion of 
current-voltage probe characteristics [3], due to the fall 
of the RF plasma voltage and its harmonics in the 
probe-sheath impedance, an original filter, using coaxial 
cables with distributed constants, was designed [4]. Data 

of the probe characteristics were acquired and processed 
by a personal computer. The electron energy 
distribution function and the electron density were 
determined from the numerical second derivative [5] of 
the probe current-voltage characteristic. 

The optical emission of the plasma was 
gathered to the photomultiplier through a 2 mm 
diameter optical fiber, which is set behind the quartz 
viewing port, in the same horizontal level as the probe. 

3. Results and discussion 
When the electron plasma density is low as in 

our case (ne ~ 108-1010 cm-3 ) [6], the plasma can be 
described by a corona equilibrium model [7]. In this 
model, the excited states are formed by direct impact on 
ground state species of argon and the de-excitation is 
postulated to appear radiatively: 

Excitation:     Ar + e ■ -> Aq* + e 

De-excitation: Ari* > Arj* + cojj 

coij is the photon energy arising from the transition 
i > j of the excited argon atom Arj*. Taking into 
account the equilibrium between the rate of excitation 
and de-excitation in the steady state, the intensity Ijj of a 
particular spectral line at frequency vjj can be given by: 

Iii = Nnt i(2E)2F(E)o-ij(E)dE 
4 ' m' 

where N is the concentration of the ground state species 
of argon, ajj(E) is the excitation cross section for the 
emission of a photon of frequency vjj. F(E) is the 
electron energy distribution function and m is the 
electron mass. 

The  spectral  line  chosen  for  the  study 
corresponds to the atomic argon transition 3p54p > 
3p54s at a wavelength 750.3 nm and its excitation cross 
section is well known [8]. This line is intense and can 
be measured easily for variable plasma conditions. 
Although, the population of the upper level 3p54p is 
mainly "due to the electron excitation of argon atoms 
from the ground state. Contributions to this population 
from de-excitation of other levels are negligible at low 
pressures. 

Figure 1 shows the measured electron energy 
probability function (EEPF or f(E) ) for variable 
pressures at a fixed power 4 watts. The shape is bi- 
Maxwellian and the processes leading to such behavior 
are well described elsewhere [1]. 
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Fig.l EEPFs in argon at variable pressures 

The calculated emission intensity from these 
EEPFs is shown in fig.2. Notice that the increase of the 
intensity observed at 30 and 40 mTorr is predictable 
from the observation of the EEPF which contains 
bigger amount of high energy electrons at these 
pressures. Thus, this leads to more excitation of ground 
state argon atoms and to more de-excitation. 

-Calculated intensity 
Measured intensity 

V2.5   | 

U      I 
1.5   R 

1 § 
0.5 

100 150 200 
Argon pressure (mTorr ) 

Fig.2 Calculated and measured emission intensities at 
variable pressures 

For all pressures, the calculated and measured 
optical intensities show good qualitative agreement. 
This asserts the validity of our measured electron energy 
probability functions at high energies and makes the 
choice of the planar probe more convenient. The slight 
disagreement observed at high pressure (220 mTorr) 
should be due to the appearance of other de-excitation 
mechanisms of the argon excited atoms such as 
collisions with ground state argon atoms, making the 
calculations by the corona model non valid. 

The measured EEPFs at variable powers for a 
fixed pressure 80 mTorr are shown in fig.3, while the 
calculated and measured emission intensities are 
represented in fig.4. 
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Fig.4 Calculated and measured emission intensities at 
variable powers 

Here also good qualitative agreement is found 
between the two intensities. This confirms the validity 
of planar probe measurements at high energies and their 
insensitivity to the second derivative of the ion current. 
For the variable pressures and powers considered, the 
argon excitation cross section is higher in the energy 
range between 15 and 30 eV. This helps to reduce 
errors in emission intensity calculations due to the 
limitation of f(E) until 40 eV. 

Finally, the validity of probe measurements 
checked by optical measurements will allow a reliable 
application of our measured electron energy distribution 
functions in the simulation of chemical processes in 
argon RF discharges. 
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1. Introduction 

There are various methods of spectroscopic 
characterization of a high pressure mercury discharge [1] 
if the plasma is in local thermodynamic equilibrium 
(LTE). These methods are based mainly on the 
measurement of the total intensity of optically thin 
spectral lines. 

Number density of excited atoms can be determined by 
emission spectroscopy. However, the ground state 
density which represents the major part of the atomic 
density, can only be deduced from such measurement if 
LTE is assumed. 

Nevertheless, recent measurements in mercury arcs 
suggest the existence of departures from the thermal 
equilibrium in the axis and in the periphery of such an 
arc [2]. 

In this present study we describe a procedure for 
determining the local ground-state density in a high 
pressure mercury discharge. This method is based on 
the properties of the strongly self-reversed resonance line 
^,=253.7 nm. This method can be applied to a large 
range of pressure (0.2 to 5 bar), and does not require any 
knowledge of the thermodynamic state of the system. 
Indeed, we established a relation between the position of 
the wavelength at the maximum intensity of the red 
wing resonance line and the atomic ground-state density 
regardless all other parameters of the plasma. 

2. Experimental set-up 

The measurement of the apparent line profile is carried 
on by a monochromator (THR1500) with a dispersion 
less than 1.3 A/mm working in double pass 
configuration. The alignment of the optical system is 
performed with a He-Ne laser beam. The detection 
system is a photomultiplier tube having a good ultra- 
violet response and fitted with a time resolving 
electronic device allowing temporal measurements. 

We worked on a set of cylindrical lamps of same 
internal diameter (18.2 mm) and inter-electrode 
distance (72 mm). The main filling and electrical 
characteristics of the studied discharges are given in 
table 1. 

Time resolved intensity measurements are made 
midway between the electrodes. Acquisition and 

storage of experimental data are carried out by an 
automated system controlled by a personal computer. 

A detailed description of the experimental set up is 
given by Sewraj et al [3]. 

Discharge filling Uarc Iarc Power 
mHg (mg) (Volts) (A) (W) 

Dl 4 48 3.2 150 
D2 8 52 3.2 164 
D3 16 74 3.2 288 
D4 70 151 3.2 400 

Table 1. Characteristics of the studied discharges. 

3. Ground state density 
3.1 Line profile 
The local profile of the self reversed resonance line 
(?t=253.7 nm, 6 Pi-6 So) has been studied by many 
authors [5,6...]. In a recent communication [4] we also 
studied the shape of the apparent line profile of this line. 
So, we showed that: 

(i) the blue wing of the resonance line can be described 
by a Lorentzian profile with a constant half width. 

(ii) the red wing can be represented in Van der Waals 
interaction by the quasi-static approximation with 
AXo (A^o=Cw nHg

2) as characteristic width. 

According to Stormberg [5] the total line profile can be 
approximated by the convolution of the Lorentzian and 
the quasi-static profile 

3.2 procedure 
Bartels [7] has shown that, for the self-reversed 
resonance line, the maximum occurs for optical 
thickness To very close to 2. It may be written, at the 
wavelength of the maximum intensity of the red wing : 

<*R)= JK(^.R,x)dx = 2 (1) 

where K(Ä.R,x) is the local absorption coefficient at the 
wavelength XR which is proportional to the ground- 
state density. 

At the wavelength of the reversal maximum of the red 
wing we can write that |A,R-A,0|»A\0. Thus the 
expression of the local profile at XR can be written : 

P(A*) = >/c7 
2(XR-X0) 

n, 3/2  "Hg (2) 
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Combining equations 1 and 2, one can obtain : 

a^R-^oJ5'2 = jnHg
2(x)dx (3) 

where a is a constant characterizing the resonance line 
equal to 1.428 1061 m'l3/2. 

It follows from equation 3 that the mercury density 
depends only on the \R position. So, we have measured 
the apparent line profile at different radial position from 
the arc axis (figure 1) and established the ground state 
densities using Abel inversion. 

0 y9mm) i 2 

AX(Ä) 

Figure 1. Apparent line profile of the 253.7 nm 
resonance line (red wing) at different radial positions. 

4. Results and conclusion 

We first check the applicability of this method under 
LTE conditions by investigating the D4 discharge. 
Because of its high pressure this discharge is assumed to 
be close to LTE. The results are shown in figure 2 
together with the values obtained by assuming LTE. 
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Figure  2.   Measured   ground-state   density,   ( ): 
calculated under LTE assumptions ; (....):  calculated 
using the reversal maximum of the red wing. 

Furthermore, as far as the discharges referenced in table 1 
are concerned, we have determined the radial 
distribution of ground-state density by applying the 
method described in section 3. Here we give the result 
corresponding to the Dl discharge (figure 3). (D4). 
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Figure  3.   Measured   ground-state   density,   ( ): 
calculated under LTE assumptions ; (....): calculated 
using the reversal maximum of the red wing. (Dl). 

As it can be seen in figures 2 and 3, a good agreement is 
found for the more loaded discharge but discrepancies 
appears for the low loaded discharge. 

=> Three main advantages are to be retained : 

i)  this method does not require the LTE assumption; 

ii) no additional information is needed such as pressure 
and temperature; 

Hi) only relative values of the apparent line profiles are 
needed. 
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1. Introduction 
Containing nitrogen flowing post-discharge are 

studied for surface treatments like steel nitriding [1]. The 
thickness and the composition of Y and e iron nitride 
layers are strongly dependent on the atomic nitrogen 
content in the gas phase [2]. The determination of atomic 
nitrogen density can be achieved by NO titration in N2, 
Ar-N2 and Ar-N2-H2 post-discharges [3]. With this 
method, the accuracy of the measurements is strongly 
dependent on the way NO diluted in argon is introduced 
in the zone where the titration occurs. Indeed, the 
formation of atomic oxygen from NO and its reaction 
with either N or NO to produce respectively NO(B) and 
N02* is rather slow. Therefore, the mixture conditions 
determine a minimum distance over which the diagnostic 
is available. Otherwise, measurement of the nitrogen 
atom density is perturbed. The aim of the present work is 
to describe, by a 3D-modeling, the influence of the 
mixture conditions on the determination of N atom 
density. For this reason, no care was taken to mix the gas 
so that the worse mixture conditions are studied to 
validate the modeling. 

2. Experimental apparatus 
NO titration method is fully described elsewhere 

[3]. It is done here in a quartz cylinder of 28 mm ID. The 
plasma is created by a surfaguide wave launcher with a 
power equal to 130W. Ar-5%N2post-discharge enters this 
cylinder in a quartz tube of 5 mm ID at 70 cm from the 
plasma outlet whereas the 1.4%NO-Ar mixture is 
introduced via a manifold of 0.5 mm ID. With a total 
plasma flow rate of 1050 seem, at 1500 Pa, assuming all 
the temperatures equal to 300 K, the extinction is 
obtained at Q(No-Ar)=85 seem, what leads to [N]=4.1 1014 

cm-3, i.e. a total mass fraction of 4.16 10"4. 

3. Modeling 
The model used in this study is obtained by solving 

the conservation equations of continuity, momentum and 
energy. Equations are solved considering a stationary 
state. Pressure in the system is assumed large enough to 
consider the gas phase as satisfying the conservation 
equations in a continuum medium (the knudsen number 
is 2 10"3). The set of partial differential equations which 
expresses the conservation of component i, momentum 
and energy is closed by the ideal gas law : 
(1) V.(pcoiv-DipVcoi) = SMi 

(2) V.pvv-V.f = -VP + pg 

(3) V.(pCpTv-kVT) = ST 

p is the fluid density; v the velocity; coj the mass fraction 
and S^i is the consumption source of the reactive species 
(the reaction rates) as specified further. The species 

balance (1) can be solved to yield the mass fraction 
fields. The dilution assumption in argon, for each reactive 
species, allows the use of a simple form of Fick's law. Dj 
is then considered as the binary diffusion coefficient in 
argon. X is the stress tensor, pg, T, P, Cp and k are 
respectively the gravitation force, fluid temperature, 
pressure, specific heat at constant pressure and thermal 
conductivity. ST are heat sources. The flow is laminar 
(Reynolds number is 20).   The   kinetic   model   used 
herein is based on that described by [3] and completed by 
reactions neglected by these authors. The set of reactions 
and the kinetic rates used are described in table 1. 

Table 1: Reactions considered for the modeling at 
300 K (units are s"1 or mol-' m3 s-'or mol'2 m6 s-1) 

Volume reactions 
N+NO-» N2+0 
N+O+M-» NO+M 

N+O+M-» NO(B)+M 

N+N+M-* N2+M 
NO+0+M-» N02+M 

NO+0+M-» N02*+M 

NO(B)-* NO+hv 
NO(B)+M-> NO+M 

N02+0-> 02+NO 
N02*-> N02+hv 

k,=2.23 107 

k2(M=Ar)=2.75 103 

k2(M=Ar)=3.62 103 

k3(M=Ar)=8.99 10' 

k3(M=N2)=1.12 102 

k4(M=Ar)=3.7 103 

k5(M=Ar)=1.19104 

ks(M=N2)=1.1910
4 

k6(M=N2)=l-34 104 

k«(M=N2)=2.10 104 

k7=5 10
s s-' 

k8(M=Ar)=2.H 105 

k8(M=N2)=2.H 10
5 

k9=5.72 10
6 

k10=2.5 10
4 s-1 

N02*+M-> N02+M+hv k,1(M=Ar)=2.35 10
7 

kll(M=N2)=3.61 107 

N2(B)-> N2(A)+hv 
0+0+M-> 02+M 
Surface reactions 
N-»l/2 N2 on quartz 
Q-»l/2 02 on quartz 

k12=105 
kl3(M=Ar)=3.78 102 

Y^IO-4 

y2=1.4 10-4 

[3] 
[7] 
[7] 

[3] 
[3] 

[4] 
[5] 

[3] 
[3] 

[6] 

[7] 

[5] 
[3] 
[3] 
[3] 

[2] 
[7] 

[8] 
[9] 

The (Oz) velocity component vz is assumed to be 
zero on the walls parallel to (Oz). The mesh is 
20x35x50 cells for cp, r, z in cylindrical coordinates. 
Incorporating the axisymmetry assumption, the 
computational domain is reduced to a half of the 
reactor. The implicit Phoenics code is used for this 
calculation. Radial dimension is multiplied by a scale 
factor of 5 for the presentation of results. 

The inlet mass fractions of N, N2(B), N2, NO are 
respectively taken equal to 4.16 10"4, 1 103 a^ [10], 3.38 
10"2, 1.06 10"2 (before mixture). The choice of this latter 
value corresponds to the extinction conditions. 
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Thermal conductivity, heat capacity and viscosity of 
mixtures are estimated by considering pure argon 
properties, assuming a very diluted medium. Binary 
diffusion coefficients in argon are given in table 2. 

Table 2 : Binary diffusion coefficients in argon 

over 0.12 m. The dark zone between the two streams is 
also given by the calculations. 

DWAl=1.12 10-4T,-M/P 
DN2/Ar=l-71 10-4T175/P 
DO/Ar=5.85 10-4T1-75/P 
Do2/Ar=l-71 10-4T'-75/P 
DNo/Ar=100KHT>-75/P 
DNOW/A^I.OOKHT'^/P 

DNO2/A,=6.24 10-«T
175

/P 

DN02./Ar=6.24 IG* TI75/P 

[11] 
[12] 
[13] 
[14] 
[15] 
Equal to DN0/Ar 
t 
Equal to DN02/Ar 

t Calculated from critical values available in [14]. 

4. Results and discussion 
The calculations were performed at the extinction 

point, and compared with experimental results obtained 
by photographs and reproduced as a drawing on Fig. 1. 
The correlation between the modeling and the 
experimental results is then carried out qualitatively. 
The lengths for the mixture of both gases are very close 
to those calculated. In each case (Fig. 1 and 2) a 
mixture length of 0.15 m is found. All the species mass 
fraction fields are provided by the model. 

f purple / green /orange 

Ar-NO 
*post- 

dischaige 
Ar-N2 

Fig. 1 : Drawing from a scanned photograph of N 
titration by NO. Conditions are given within the text. 

, Ar-NO 

post-discharge 

• r-210'm 

Fig. 2 : N02* mass fractions calculated by the model. 

The yellow-orange emission of the 1+ system is very 
well explained by the model. In the N stream, the mass 
fraction of N atoms evolves from 4.16 10"4 to 8.32 10"5 

Ar-NO 

post-discharge 

fO 

t-2IO-'m 

Fig. 3 : NO(B) mass fractions calculated by the model. 

Fig. 3 shows that the mass fraction of NO(B) is very 
weak when compared to N02* and that is why the N 
stream turns from the orange to the green. The very pale 
purple NO(B) emission stands at the end of the mixture 
zone and is due to the fact that the experiment was carried 
out at a NO flow rate of 85 seem which is very slightly 
greater than the extinction point. NO(B) is still present 
when N02* is completely consumed. The model permits 
predictions on the mixture length required to do accurate 
titration but also will help to conceive mixture devices. 
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1.Introduction 

The aim of this work is to obtain some experimental 
values of temperature and electronic density in arcs with 
ablated wall in silica. Arcs are due to the vaporisation of 
silver (or copper) fuse elements in silica sand. The main 
application of this type of study is in the manufacturing 
of fuses. At the present time, the electrical 
characteristics of a fuse are essentially determined by its 
geometry, for instance : the width and the thickness of 
the element, the section of the striction, the number of 
strictions, the granulometric composition of the sand. 
Modelling estimations concerning the prearcing period 
are well established as they generaly take into account 
the different ways of heat transfer [1], On the other hand, 
phenomena connected with arcs are not well known. 
Empirical methods are often used to study this part of 
the phenomenon [2]. Some calculations also can be 
attempted, but one needs to know the values of the 
temperature and the conductivity of the arc plasma [3]. 
So, the question which takes precedence over all others 
is to know the temperature and electronic density in the 
arc plasma, which determine then the electrical 
properties of fuses. 
Spectroscopic methods have been previously reported [4] 
[5], which use metallic lines or use Si lines. 
Unfortunately in the latter case, filters were used instead 
of spectrometer recording. We will see that this may 
induce some errors in temperature estimations. 

2.ExperimentaI set up 

Fuse elements have an effective length of 36 mm, are 
0.105 mm thick, 5 mm wide, 99.99% pure silver (or 
copper). They have a single row of notches (0.5 mm in 
diameter) punched in the center of the strip. 
To permit spectroscopic measurements, we have used 
special fuses which are like a half-fuse with a glass wall 
[6]. On the one side, a 4 mm wide glass wall is put on 
the fuse element On the other side, the fuse is filled 
with silica grains with a mean diameter of 0.4 mm. To 
obtain arcs in it, a capacitor bank is used, which can 
release an energy of 2100 J. The test fuse is associated 
with a 1.5 meter focal length spectroscope with two 
gratings (600, 2400 grooves/mm). The detector is a 
Charge Coupled Device array (512x512 pixels). The 
CCD detector is used in streak mode operation (also 
called kinetic mode). The light is focused on a limited 
area of the array (10 or 15 rows high), succesive spectra 
are acquired and then shifted down to the rest of the array 
providing a storage area for data. An electronic control 
gear enables us to visualise the exact timing of spectra 

acquisitions (as short as 0.1 ms each) associated with 
the behavior of the current 

3. Experimental results 
3.1 Metallic lines measurements 

Previous experiments have been carried out with a 
shorter focal length spectroscope (500 mm), and an 
exposure time longer (30 ms) than the phenomena. We 
have seen that only Cu lines at 511 and 515 nm were 
suitable for our measurements. Morever, it is well 
known [7] that these lines are not often self-absorbed. 
The spectra obtained with our existing spectroscope 
show a high level of continuous ligth which can 
overshadow lines, and this, particularly during the flow 
of current (Fig.l). It is interesting to note that this 
result shows up the weakness of temperature 
measurements obtained by the way of filters rather than 
spectroscopic viewing. Nevertheless it is possible to 
calculate temperatures where metallic lines emerge from 
the continuous lumen. The ratio of relative lumen 
intensity of 515.32 and 510.55 nm (respectively Em- 
En=6.19-3.79 eV, Em-En=3.82-1.39 eV), of Cu is used 
to calculate plasma temperature. It is seen on Fig.2 that 
temperatures around 12000K are obtained after the flow 
of current. We have to note that this method gives us 
temperature values for the outer layer of the plasma, due 
to the phenomenon of ionic migration as Agl or Cul 
particules have a lower ionisation potential than Sil 
particules. Morever, these lines cannot measure higher 
temperatures because of their characteristics of 
emissivity against temperature. To obtain inner layer 
temperature values we tried to use Si lines. 

3.2 Si lines  measurements 

Numerous viewings of spectral areas where previous 
authors had observed Si lines have been done. The lines 
observed in our plasma are reported in Tab.l. To carry 
out calculations about these lines it is necessary to 
verify that they are not self-absorbed. Self absorbtion 
may be due to the reabsorbtion of the cold outer layer of 
the same element which has a lower electronic density 
[8]. We verified on Sill multiplets (2) and (4) the ratio 
between line strenght due to L-S coupling [9]. The 
results are given on Tab.l. It shows that there is no 
self-absorbtion for these lines. Subsequent 
measurements will have to be done with a suitable 
spectroscope, which will enable us to obtain a 
temperature estimation of the inner layer of the plasma. 
We have also studied the profile shape of the Sill lines 
obtained (fig.3). The lines have a Lorentz profile, which 
permits us to verify that broadening is due to the Stark 
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effect An extrapolation of results obtained by Lesage et 
al. [10] with a different kind of plasma gives us a value 

for ne between 2.5 and 4.1017 cm"3. 

lumen intensity(a.u.) current(A) 
2500 

0 10 20 30 
Fig.l: current (1) and continuous lumen (2) waveforms 
against time (1 track=0.2ms). 

temperature (K) 
15000 

current(A) 
2500 

Fig.2: current (1) and temperature (2) 
waveforms against time (1 track=0.2ms). 

lumen (a.u.) 
lSOOOr 

1000C 

5000 

630 5325 6350 6375 6400        6425 

Fig.3: Sill multiplet profile shape at 635.5 lnm. 

Si state: wavelength] highlevelj line strength 
! (nm)         1 (eV)       ! S (u.at) 

ratio 

n         1637.14      110.06     ;17.7 
fl        ; 634.71      i 10.07     135.3 i2(th) 
II (2) 1635.51                    153 i 1.9 (exp) 
n        1597.89      112.14     i 17 11.9 (th) 
H        J595.76      112.14     :8.7 
II (4)1597.21                      126 11.7 (exp) 
I         j 390.55      15.08       i 1.28 

Tab.l: tabulated characteristics of lines detected in 
our plasma. 

4.Conclusion 
The recording of the evolution of spedctra against time 
has enabled us to see that during the maximum flow of 
current the light emitted was mainly given by 
continuous lumen. Any measurements based on 
luminous intensity of lines should take this into 
account 
At the present time, it seems that electronic densities 

between 2.5 and 4.1017 cm"3 and temperatures higher 
than 12000K, can be reached in plasma fuses. In such 
conditions, the attenuation caused by the liquid layer of 
silica surrounding the plasma [11] of the ligth emitted 
should be taken into account 
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Abstract 
A study concerning the validity of the actinometry 
method applied to H-atom density measurements is 
carried out. A theoretical approach and measurements 
involving Two Photon Allowed Transition (TALIF) 
and Optical Emission Spectroscopy (OES) are used. 

1-  Introduction 

In low pressure diamond deposition reactors operating 
in H2 + CH4 mixtures, the role of the H atoms is 
now largely accepted. Measurements of H-atom 
concentration in volume and at the plasma / surface 
interface may provide a better control of the diamond 
deposition reactors. Although laser diagnostics 
allowing these measurements are available today, 
their use in industrial environments is unrealistic. On 
the opposite, OES is well adapted for industrial 
reactors. 
OES can be a very powerful technique for accessing 
indirectly to ground electronic state species densities 
and temperatures and then for better understanding the 
processes occuring in a plasma. However, 
measurements made by OES have to be used with 
many cares. OES only provides measurements on 
species in electronic excited states which participate 
only in a minor proportion to the plasma or 
plasma/surface chemistry and which are at 
concentration level of less than 10"4 with respect to 
species in the electronic ground state. Extracting 
informations concerning the plasma processes by 
measuring relative concentrations and temperatures 
from OES implies first to establish relationships 
between species in electronic excited states (analyzed 
by OES) and those in the electronic ground state (the 
key species for the studied process which can be 
analyzed by laser diagnostics). Concerning species 
densities measurements, Coburn and Chen [1] have 
introduced in the early 80' s years the actinometry 
technique which offers the possibility in reaching 
relative densities of a ground state species from 
emission intensities measurements. Actinometry 
requires the introduction of a gas as an impurity in 

the feed gas, which constitutes the actinometer. The 
actinometer compensates changes in the electron 
density or energy, and then plays a normalisation role 
for the species emission intensity. If actinometry is 
valid, then the emission intensities ratio (species over 
actinometer) is proportional to the relative density of 
the species in its electronic ground state. The 
conditions of validity of this technique are restrictive, 
and have to be carefully analyzed before any use. 
We report here a study which aims at drawing the 
domain of validity of actinometry applied to H-atom 
density measurements in plasma diamond deposition 
reactors. Firstly, a theoretical approach is carried out 
in order to determine some boundary (frontier) 
conditions for which the validity of actinometry 
might be critical. Secondly, since this approach only 
provides an estimation of the frontier, a comparison 
between axial and radial distributions of relative 
ground state H-atom densities obtained respectively 
by TALIF and OES allows us to demonstrate that 
actinometry is valid for these-conditions. Thirdly, 
calculations, using a 1 D H2 plasma model, allow us 
to extend the domain of diamond deposition 
conditions for which actinometry can be used. 

2-   Technical   description 

*Reactor: The reactor consists in a silica bell jar 
low pressure chamber, fed with a mixture of 0 - 5 % 
CH4 diluted in hydrogen. The plasma is activated by 
a 2.45 GHz microwave generator. The pressure and 
power ranges are respectively 800 Pa to 140000 Pa, 
and 400 to 3000 W. The averaged power density is 
then varying from 5 W cm"3 to 40 W cm"3. The 
substrate temperature is fixed independently from the 
plasma parameters at 900 °C. Argon, the actinometer, 
was introduced at 1 % in the plasma. 

* OES : A Jobin Yvon THR 1000 mounted with a 
1800 groves per mm grating, blazed at 450 nm and 
equiped with a photomultiplier (Hamamatsu R 3896) 
and a red region intensified OMA III (EGG-Princeton 
Instrument -1460) was used to  measure emission 
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intensities of H„ (k= 656.5 nm), and of 2pi --> ls2 

argon transition (k =750.3 nm). The light emitted 
from the plasma was collected by a optical collimator 
and transported via a one millimeter in diameter 
optical fiber to the entrance slit of the 
monochromator. A spatial resolution of 
approximately 2 mm is reached. The optical system 
was mounted on a computer controlled moving table, 
allowing axial and radial measurements. Abel 
inversion was used for accessing to radial 
distributions. 

* TALIF : Two photons allowed transition laser 
induced fluorescence (TALIF) [2] measurements were 
conducted in the reactor equiped with two U.V. grade 
silica windows allowing transmission of 205 nm 
light. The whole reactor was accurately translated 
vertically and horizontally with respect to the laser 
beam in order to obtain axial and radial profiles. 
Under the experimental conditions, the observed two- 
photon line profile is Doppler broadening dominated. 

3-   Results 

1- A theoretical approach3 allowed us to show that for 
an electron temperature (Te) of 11000 K and a H-atom 
mole fraction of 4 %, the validity of actinometry is 
well established. On the opposite, for an electron 
temperature of 20000 K and a H-atom mole fraction 
of 4 %, the dissociative excitation mechanism is 
strongly competing with the direct excitation 
mechanism for producing H atoms in the n=3 excited 
state. These latter plasma parameters are reached for 
conditions where the pressure is 2500 Pa and the 
power 600 W, the corresponding power density is 
then 9 W cm'3. 

2- As the calculations allowing the estimate of these 
boundary conditions are only approximated, the 
second step was to establish experimentally whether 
or not actinometry is valid under these critical 
conditions. At 9 W cm"3, a comparison was made 
between spatial distributions (axial and radial) of H- 
atom mole fractions provided by OES and those 
provided by TALIF. The H-atom mole fraction was 
deduced from OES taking into account for the 
quenching effects due to collisions of the excited 
species (H(n=3)) and Ar(2pl)) by molecular and 
atomic hydrogen in their ground electronic states 
[3,4,5]. Also, owing to the small H-atom mole 
fraction (4 %), the variations of Ar-atom mole 
fraction was neglected. As shown by calculations [6], 
electron temperature is distributed spatially, leading to 
spatial variations in the excitation rate constants ratio 
of Ar atoms and H atoms (ke

Al/ k
e
H), which should be 

considered. However, up to date, we were not able to 
determine with enough accuracy the spatial 
distributions of Te. As a consequence, the effect of 

the spatial variation of ke
Ar/ ke

H could not be still 
included. 

Nevertheless, the comparison of axial and 
radial distributions of H-atom relative mole fraction 
obtained by TALIF and OES showed a very good 
agreement except in the plasma region where Te is 
varying strongly (at the plasma edges). We can 
conclude that, at 9 W cm"3, H atoms are directly 
excited from ground state. This is in agreement with 
the fact that, under these conditions, H atoms in the 
n=3 excited state and in ground state were seen to be 
in thermal equilibrium[2]. Actinometry can then be 
used at 9 W cm"3. 

3- When increasing the power density, calculations 
[6] showed that Te decreases while the H-atom mole 
fraction (xH) increases (owing to thermal effects). As a 
consequence of our theoretical approach (section 3), 
the direct excitation of H(n=3) is favoured at higher 
density. As a conclusion, actinometry can be applied 
to measurements of H-atom mole fraction under 
diamond deposition conditions at power densities 
higher than 9 W cm"3. These conditions are largely 
used for deposition of diamond. However, an accurate 
estimation of H-atom density requires the knowledge 
of the quenching cross sections. However, very little 
is known concerning cross sections involving 
collisions with H atoms in ground state. As their 
contributions increase with the dissociation yield, 
accurate estimation of H-atom density at high power 
density will be difficult. When adding methane in the 
feed gas at up to 5 %, Te and xH are seen to remain 
within the same magnitude, and then actinometry is 
still valid. 
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It is difficult to carry out correct measurements of 
Langmuir probe Current-Voltage (CV) 
characteristics over all range of voltage bias in 
some cases. In relatively dense plasma (for 
pressure about some torr) this is complicated by 
significant heating caused by intensive current if 
probe potential is in the region of electron current. 
The characteristics can be distorted because of RF 
current rectification by nonlinear nearprobe sheath 
in RF discharge. So it is difficult sometimes to 
measure the plasma potential Vs with respect to 

base electrode and electron temperature Te (or 

electron energy distribution function, EEDF) by 
traditional methods. Nevertheless the ion current 
and floating potential can be measured more 
correctly. The errors of measurements can be 
estimated [1]. Besides the disturbances introduced 
by the probe into plasma are very small in the ion 
current region. The present paper suggests an 
algorithm for determination the main plasma 
parameters only from ion-current part of probe 
characteristic including also floating potential. 

One of the most important assumption of main 
known theories of ion current collection by Lang- 
muir probe is Maxwellian distribution function for 
electrons. The electron temperature is used in Böhm 
theory [2] for estimation of ion velocity on the 
boundary of charged sheath. The later theories 
(Laframboise [3] and Allen—Boyd—Reynolds 
(ABR) [4]) are based on solution of Poisson equa- 
tion. It is assumed in these theories that electron 
concentration is described by Boltzmann distribu- 
tion with electron temperature and potential corre- 
sponding to electric field of the probe. The Debye 
length XD for nonequilibrium plasma is used for 
normalization of probe radius .Rp and other 

geometrical parameters. The concept of Debye 
length is also based on Maxwellian EEDF and exist- 
ence of electron temperature. If EEDF is not Max- 
vellian, one cannot use the conception of electron 
temperature and the mentioned theories of ion cur- 
rent collection become noncorrect. The application 
of any equivalent of temperature (such as average 
electron energy) for the cases of non-Maxwellian 
EEDF demands additional consideration. 

The plasma potential Vs can be measured as the 
point of zero value of probe current second deriva- 

tive. Electron temperature is defined from the slope 
of CV characteristic plotted in semi-logarithm axis 
according to traditional algorithm of probe charac- 
teristic analysis. Sometimes the linear part is not 
very pronounced or there are two or three linear 
parts on the graph. So the concept "temperature" is 
not quite correct. Nevertheless the values measured 
in such way are substituted into normalizing expres- 
sions for determination electron concentration ne 

from ion part of characteristic on the base of differ- 
ent theories. In the case of-ABR theory the single 
point (for probe potential Vp = Vs — l5Te) is used 

for evaluating ne. The results of ABR theory are ex- 

pressed usually via normalized current for this 
potential (so called Sonin plot [5]). 

The Orbit Motion Limited (OML) theory [6] al- 
lows to obtain more useful information from ion cur- 
rent analysis. This theory have no any suggestion 
about EEDF and gives the next relation for ion cur- 
rent: 

/-2e(V -VM112 

I: Ve 
3t2Mf 

(1) 

where A^ is the square of metal part of cylindrical 

probe contacting with plasma, Vp — probe 
potential with respect to base electrode, Mx — ion 

mass. So the graph of ion current plotted in axes 
7p — ^p (for his*1 negative potential we can write 
h ^ 7P) 

wil1 represent the straight line for some 
voltage range. The slope of this line'allows to 
determine ne and the intersection with voltage axis 

corresponds to Vs. The electron temperature is 
defined as usually. 

But the OML theory is valid only for rare 
plasmas. There is limitation on potential distribu- 
tion within probe sheath and it is assumed that the 
sheath radius is infinite. For many important cases 
it is not realized and more adequate theories are 
to be used. 

The ABR theory is considered to be reliable for 
wide range of plasma parameters. But it does not 
allow to apply such simple analysis of Current- 
Voltage dependence as for OML theory because 
appropriate functions are not so simple. Neverthe- 
less the approximation formula [7] describing ABR 

XXm ICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-73 

theory for wide range of parameters with good ac- 
curacy permits to execute some statistical pro- 
cessing of experimental data. The single assump- 
tion of this attempt corresponds to assumption of 
ABR theory, that is Maxwellian EEDF. If it is not 
so the statistical analysis will not be correct to- 
gether with ABR theory. 

The essence of analysis is the next. It is chosen 
sufficient number of experimental points (usually 
not less than 40-50). These points are to be quite 
negative with respect to plasma potential for elec- 
tron component of probe current was negligible. Or 
it should be taken into account. Then one should 
chose a set of parameters Te, «e and Vs and cal- 
culate the discrepancy 8 of experimental points 
and theoretical ABR points for these parameters. 
The discrepancy is defined as: 

ö=2 
" rexperlm rtheor 

wexpenm 

/■^experim\ 

(2) 

The parameters Te,  ne and  Vs are varied for 
discrepancy minimization. The task is unstable in 
such form for small perturbations of current and 
voltage because the curve is described by three 
dimensional parameters. For degeneration removal 
some relation between parameters should be 
established. The most natural relation is the 
expression for floating potential. It was estimated 
on the base of ABR theory for ion current and 
traditional for Maxwellian EEDF exponential 
dependence of electron current on probe potential. 
Floating potential depends upon ion mass. 
Figure 1 represents dimensionless floating 
potential for two gases of different masses. The 
usual normalization of parameters is used: 

_*P 

to* 

eV 
— _£ fc  _    v (3) 

The approximation of floating potential de- 
pendence on probe radius for Ar is the next: 

hfl| «3.67 + 0.517 -0.031 y2 - (4) 

- 0.0041 Y3 + 0.0002Y4, where v = ln(£p). 

The accuracy of this formula is better than 0.5% 
over all interval of radius variation. 

The obtained set of parameters Te, ne and Vs 

thus describes the theoretical curve which is best 
adjusted to experimental one. In the next step it is 
possible to use another number of experimental 
points (for example, increasing previous by unity) 
or to shift the window of selection and to get 
another set of parameters. And so on. The most 
probable values and the trusting intervals can be 
obtained by averaging. 

The testing calculations have shown good 
agreement of parameters determined by such algo- 
rithm with initial values used for modelling probe 

u ■ 

5- 
-V-eVp/kTe 

Ar 

4- 
He 

3 ■ 

4. 

1   ■ 

 1—i   i i i nil ,—I   ■ I mil— 

?p=Rp^o 

0.01 0.1 1 10 100 
Fig. 1. The dependence of floating potential 
on probe radius for two gases on the base of 
ABR -theory 

characteristics. An arbitrary noise of 1 % amplitude 
was added to characteristics. The typical error in- 
terval was about 2-5%. It can be reduced by nar- 
rowing the parameters variation intervals. It is nec- 
essary to pay attention for the coincidence of ob- 
tained dimensionless parameters to ranges of 
formulas applicability. The number of points on 
characteristic should be not less than 100. 

The described attempt can be used as inde- 
pendent method for plasma parameters determina- 
tion if some problems during electron branch 
measurements occur. And also it can be used to 
enlarge traditional algorithms of probe characteris- 
tics processing and to test the validity of ABR as- 
sumptions (in particular, Maxwellian EEDF) in 
real experiments. 
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^Introduction [1] 

Under certain breaking conditions, in an automatic 
circuit-breaker, the electric arc first appears in the 
shape of a diffuse conducting column. It will 
consequently be noticed that the characteristics of the 
arc suddenly alter in accordance with the current I. It 
transforms itself into a concentrated discharge. Then 
the arc diffuses again. We must therefore change as 
quickly as possible from the concentrated to the diffuse 
arc stage in order to obtain high performances. 
In this article, we are going to present methods which 

will allow the determination of the condition of the arc 
whether concentrated or diffuse. In this study the 
column material will be a conductor made of solid 
copper. 

2.ExperimentaI device 

A copper conductor of predetermined shape is placed 
between two contacts, and we have to interpret the 
azimuthal inductions sensed by Hall effect probes 
positioned around these contacts (figure 1): 

e 

Figure 1. Geometric configuration 

The short-circuit current is generated by an L.C. station 
which is able to deliver currents that can reach 8000 A 
in 5 ms. Hall effect probes have a sensitiveness of the 
order of 10 V/T. For reasons of technological 
imperatives these probes are positioned on a circle, 
88 mm in diametre around the contact axis. 

3.Characterization of a "bridge" of current 

3.1 Size of the "bridge" 
Portions of a hollow copper cylinder, 5 mm thick, with 
a 20 mm curvature radius and aperture angles of 90° 

and 180° will materialize a "bridge" in the case of a 
rotating arc. They are 10 mm wide (the distance 
between the contacts). Once they are welded to the 
contacts, one can measure the current and the induction 
by rotating the whole in a discrete manner from 0° to 
350° by 10° steps. The average position of the "bridge" 
will be determined by angle 9 with respect to probe 3, 
taken as a reference, (figure l).The signals obtained 
from a specified probe are shown in figure 2. In order 
not to depend on the variations in current from one test 
to the next, the induction measured is reduced to the 
current unit. It will be observed that the wider the 
aperture angle, the wider and more damped the signal. 

(AB/) 

When computing the ratio  — from these 
A.0 

signals in which A6 is the signal width equal to 50 % 
of the maximum variation of (B/I), one obtains : 
for 90°: LUO^mT/AO 
forl80°:3,2.10-6mT/A(°) 
The ratio obtained with a cylinder of solid copper, 
5 mm    in    diametre    (concentrated    arc)    is    : 

30.10**mT/A(°). 
In all cases,  (AB/I),,^ is obtained when the axis 
corresponding to the average position of the copper 
"bridge" used faces the reference probe. 

B/I 
OnT/A) 

M&OJ 

J.«&03 /   90"  \ 
S.4&03 
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4.0&O3 H 1 1 h- —*—  h 

en 
Figure 2 : Induction generated by a "bridge" 

We can therefore conclude that the lower the ratio is, 
the more the "bridge" of current spreads out. 
We have noticed that the ratio of the maximum 
induction over the induction corresponding to the 
angular value of the  size  of the  copper portion 
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measured on the curves in figure 2, is 1/3. So, the size 
of the "bridge" can be obtained by measuring the width 
of the signal taken at 70 % of the maximal amplitude of 
the variation. We thus come back to the "bridges" at 
90° and 180°. 

3.2 Position of the "bridge" on the contacts 
The position of the copper cylinder portion in one of 
the four sectors determined by two probes can be found 
by adding the two signals delivered by these probes. 

4. Characterization of a cylinder of current 

4.1 Size 
The above method cannot apply in the case of a current 
flowing throughout the whole cylinder. Indeed the 
signals obtained with different sizes of cylinder (5 mm, 
25 mm) centred 12.5 mm away from the axis of the 
contacts are quite close. This is the reason why two 
induction-sensitive probes have been used along x 
(figure 3). 

-E 

®y-*-X III 88 

L..-Ü 

_2& 

Figure 3 : Determination of the position of the roots 

en 
Figure 4 : Induction versus diametre 

the diametre can be deduced from the computation of 
the ratio of these inductions. 

4.2. Determination of the position of a cylinder [2] 
The position P(xp, yp, zp) of the end of the average line 
of current representing the cylinder can be determined 
through data given by two consecutive probes 90° 
apart, (figure 3).). In order to do so, the length L and 
the direction cosines kl, k2 and k3 of the current 
segment inside the contact, will have to be computed. 
These values will be determined by solving the 
following system of equations : 

7 - .-   f ^ 
Bxl = 

10" Ik2 L-k3zsl 

zsl(l-k32]   WL2+zsl2-2Lk3zsl 
+ k3 

Bx2 = - 
10*7-Ik3 L - k2 • ys2 

ys2-(l-k22J  VVL2+ys22-2Lk2- 
+ k2 

ys2 

2 2 2 
l = klz +k2z +k3Z 

e = kl-L 

where Bxl and Bx2 are the inductions along the axis 
Ox measured by each of the two Hall effect probes, I 
being the current and kl-L the thickness of the 
contacts. With this method one can determine the 
position of the centre of the copper cylinder. 

5. Conclusion 

The results obtained for a "bridge" of current allow us 
to consider applying it to the case of the rotating arc. 
The cylinder model needs to be improved to apply to 
the case of an electric arc. 
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Along this direction, only the contribution of the 
threads of current L, situated in the contacts is taken 
into account. It has been seen that for a single position 
and a single current the induction generated in the case 
of a 5 mm diametre cylinder is higher than with a 25 
mm one (figure 4). As a consequence the evolution of 
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The spatial distribution of the time varying magnetic 
field (dB/dt or B-dot) has been measured in a cylindrical 
discharge in which the plasma is maintained by a time 
varying electromagnetic field induced by a planar 
induction coil located just outside the discharge 
chamber. Based on B-dot measurements, the magnitude 
and relative phase of the electric field and the current 
density in the discharge were determined through 
Maxwell's equations. Traditionally, such measurements 
have been made with a B-dot probe enclosed by an 
cylindrical dielectric envelope to keep the plasma from 
interacting with the probe. The primary objective of this 
work is to compare B-dot measurements made using a 
"traditional" (hereupon referred to as an enclosed probe) 
B-dot probe with those made using a B-dot probe which 
is directly immersed in the plasma with no dielectric 
enclosure (hereupon referred to as an immersed probe). 
To check the accuracy of the electric field determined 
from the two B-dot probes, a third probe consisting of a 
large wire loop is used to independently measure the 
electric field directly. 

Experiment Apparatus and Methods 

Experiments were carried out in a cylindrical metal 
discharge chamber having an inner diameter of 19.8 cm 
and a height of 10.5 cm with a Pyrex glass bottom plate. 
A planar (pancake) induction coil, designed to produce a 
discharge with a high degree of azimuthally symmetry, 
was located just below the glass plate. An electrostatic 
shield and an air gap between the glass and the induction 
coil practically eliminated capacitive coupling between 
the coil and the plasma. Measurements were made at 
6.78 MHz at gas pressures ranging between 1 and 100 
mTorr of argon. Discharge power was determined by 
measuring the power transmitted into the discharge and 
subtracting matcher and coil losses. All mention of 
power from hereon refers to power dissipated in the 
plasma. 

The immersed B-dot probe consisted of three bare 
wire loops, each constructed of 0.15 mm diameter 
molybdenum and having an OD of 4 mm. The loops 
were oriented such that one loop measured the radial 
component of the magnetic field B„ while the other two 

loops formed a figure "8" and were positioned to 
determine dBJdr. The enclosed probe measurements 
were made with two probes with Br and dB/dr 
components measured separately but inside the same 
cylindrical tube. All B-dot probe measurements were 
made at 4 cm (radially) from the axis of the discharge. 
The large loop probe was made of 0.75 mm diameter 
nickel wire with an 80 mm OD and located to make 
measurements at the same radial position as the B-dot 
probes. 

To determine the azimuthal electric field, Ee, using 
B-dot probes, the magnitude and phase of dBr(z)/dt were 
measured at 0.25 cm intervals along the z-axis between 
the top plate and the glass (bottom) plate. E6 was 
determined from Faraday's Law: rot E = -dB/dt by 
integrating dBr(z)/dt along an axial (z) path: Ee= -10"8 

jojBr(z) dz. From the voltage V measured on the large 
loop probe, E„is: E9= V/2nb= -10'8j<ab''JrBz(r)dr, where 
b = 4 cm. The discharge current density was determined 
from Ampere's law: rot B = u,0J (ignoring displacement 
current). Thus , the azimuthal current is: Je = u0''[dB/dz- 
dB^/dr] where u0 is the vacuum permeability. 

Before making measurements, both B-dot probes 
were calibrated at a fixed position near the coil with Ee 

measured with the large loop probe. Based on this, as 
expected, E9 in vacuum was found to be identical at all z 
positions for all three probes. The dBJdr component 
from both B-dot probes was calibrated in vacuum by 
equating rot B to zero at one point. Based on this both 
probes show Je = 0 for all z in vacuum (dB/dz = dB^dr 
* 0. All measurements of the magnitude and relative 
phase of B-dot were made with a vector voltmeter. The 
phase in all data in this work is taken with respect to E9 
measured in vacuum. 

Results and Discussion 

The magnitude and the phase of the rf azimuthal 
electric field and current density distributions (inferred 
from B-dot probes and loop probe data) is shown in Figs. 
1 and 2, respectively. As shown in Fig. 1, the agreement 
in both relative phase and magnitude between the 
immersed B-dot probe and the large loop probe is 
excellent. Although not shown here, excellent agreement 
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Figure 1 

has been observed over a wide range of gas pressure (1 
mT - lOOmT) and discharge power (up to 200W). 
Based on this, we can safely say that the electric field 
determined from the immersed probe appears to be 
correct. Clearly, however, there is considerable 
disagreement between the enclosed probe and the 
immersed probe. The enclosed probe fails to determine 
the minimum in the electric field that occurs near 6 cm; 
at this point it predicts an electric field about an order of 
magnitude larger than actually exists. The agreement in 
the relative phase between the B-dot probes is equally 
poor. The immersed probe determines a relative phase 
shift which makes a transition from lagging to leading 
while the enclosed probe determines a phase shift lag 
that simply increases with distance from the coil. 

Comparison of the magnitude and relative phase of 
the plasma current density measured with the immersed 
and the enclosed probes show essential disagreement. 
Near the coil, in the skin layer, the current densities from 
the two probes differ by about four times. The slopes of 
|Je(z)| are considerably different and the curves cross at 
about 6 cm from the glass. The immersed probe data 
suggests a second current layer far from the coil that is 
oppositely directed to the current in the skin layer (near 
the coil) while the enclosed probe fails to show this. 

Conclusions 

Although they agree perfectly in vacuum, E9 

determined with the immersed and the enclosed probe 
have significant disagreement in a discharge., For E9, 

Figure 2 

comparison of the B-dot probes with the large loop 
shows the error of the enclosed probe. It is believed that 
these errors arise from perturbation of the plasma current 
path and density due to the physical presence of the 
probe enclosure. Apparently perturbations of Bt(z) due 
to the immersed probe are negligible. Showing validity 
of the B-dot probes in determining Je is not as straight 
forward as for Ee since no independent check could be 
made with the discharge present. However, a case can 
be made for the validity of the immersed probe since in 
vacuum it predicts J=0 for all z and, as shown, 
perturbation of Br is negligible. Thus, for validity of the 
immersed probe one need only assume that the 
perturbation of dB^dr is also negligible (as appears 
likely). Clearly, J„ determined from the enclosed B-dot 
probe is in error: First, because J9 is dependent upon the 
derivative of Br whose integral (from E„ determination) 
is shown to be in error, and second because no current 
flows at the precise point within the glass tube where Je 

is being determined. A non-zero Je probably due to the 
loss of azimuthal symmetry introduced by the probe 
enclosure. 

Measurements of the electric field and current 
density based on enclosed B-dot probes are troubling 
because the results are quite believable and thus they can 
be misleading. Based on the evidence given here, 
previous results based on these probes should be viewed 
with reservation. Using B-dot probes to determine E- 
field and current density should be reviewed carefully 
before relying on such methods. 
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Introduction 

Most plasmas present a disequilibrium between the 
electronic temperature and the temperatures of heavy 
particles. This disequilibrium is one of the fundamental 
parameters     in     the     calculations     of     plasma 
composition.fi] 
Rotational and vibrational temperatures are measured 
in a gas discharge by optical emission spectroscopy. 
The discharge is produced in a N2 -CO2 mixture with 
inert gas Ar. 
The Boltzmann plot is not applicable in a lot of spectra 
(the Swan system of C2 (Av=0) nor in the violet system 
of CN (Av=0)) due to the overlapping of the rotational 
lines. Consequently we used the calculated spectra to 
determine these parameters. 
The    measurement    of   rotational    and   vibration 
temperatures is based on the  comparison  of one 
experiment ro-vibrational spectrum with the spectra 
calculated for different temperatures. 

Experiment 

The wall stabilised arc is produced in a modified 
Maecker chamber which is made of hollow copper 
cupels cooled with water. Bakelite cupels provide 
electric isolation between copper cupels, and tangential 
injection to the arc column of CÖ2-N2 mixture. The 
anode and the cathode are in tungsten and are 
protected with argon. The current discharge is 30 A. 
The proportion of gas is 75.1 % Ar, 10.2 % CC^ and 
14.7 % N2. With this mixture, the tension is equal to 
49 V. The light emitted is observed perpendicularly to 
the arc column and is analysed with a high resolution 
monochromator ( THR 1500 Jobin Yvon, focal length 
1.5 m, grating 2400 grooves per mm) which is coupled 
to an optical multichannel analyser (O.M.A. 4000 
EGG, matrix of 512x512 pixels). To reduce the dark 
current the detector was cooled to a temperature of 
-70 °C. The detector is efficient for wavelengths 
ranging from 320 nm to 800 nm. Figure 1 presents a 
spectrum of the violet system of CN with an entrance 
slit equal to 80 urn. We also observe C2 (Swan system) 
and N2

+ (first negative system) spectra. 

wavelength (nm) 

Figure 1 : Violet system of CN (B2T.+ ->X2S+) (Av=0) 
in the extremity of the arc. I=30A V=49V, 
entrance slit=80um. 

Determination of temperatures 

To determine the rotational and vibrational 
temperatures we calculated the spectra for different 
values of these parameters. First we calculated 
wavelength of each rotational line [2], its intensity 
which is proportional, among others, to the Holn- 
London factors [3], band strengths [4], the density of 
particules in the upper electronic level, the rotational 
temperature and the vibrational temperature. We 
supposed the excitation of the upper electronic level 
caused by electron impact. We applied a Gaussian 
profile ( the full width at half maximum FWHM is 
determined experimentally) for each line and after the 
spectrum has convoluated. We repeated this for each 
band and added them to obtain the final spectrum for a 
given temperature of rotation and for a given 
vibrational temperature. Figures 2, 3, 4 and 5 present 
the spectra calculated for different temperatures of 
rotation and vibration. 
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Figure 2 : Violet system of CN (Av=0); TR0T = 2000 K 
TVB = 2000 K ; FWHM = 0.018 nm. 
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Figure 3 : Violet system of CN (Av=0); TR0T = 2000 K 
Tvm = 8000 K; FWHM = 0.018 nm. 
Intensity (a.u.) 
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Figure 4 : Violet system of CN (Av=0); TROT = 5000 K 
TVB= 5000 K; FWHM = 0.018 nm. 

Intensity (a.u.) 

Wavelength   (nm) 

First we determine the rotational temperature with 
band (0-0), before band (1-1) overlaps band (0-0). We 
chose a few characteristic peaks which were not 
perturbed and we calculated the sum of the square of 
the difference between the intensity calculated and the 
intensity of experimental spectrum. This sum is a 
function of the rotational temperature and when this 
sum is minimum we obtain the rotational temperature. 
Once the rotational temperature is obtained we can 
estimate the vibrational temperature. We compared the 
spectra calculated with the result of the rotational 
temperature and the experimental spectra. The result of 
vibrational temperature is obtained when the 
superposition is the better. 

Results 

This method to determine the rotational and vibrational 
temperatures is applied on the violet system of CN. 
At the end of the arc we find that TROT = 5600 K from 
the spectrum of CN in Figure 1. The rotational 
temperature is almost constant for the whole of the 
plasma radius. As far as the vibrational temperature is 
concerned, we can estimate that Tvm * TROT- 
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Figure 5 : Violet system of CN (Av=0); TR0T = 5000 K 
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1. Introduction 

Time resolved plasma diagnostics (induced emission 
spectroscopy, laser spectroscopy, Langmuir probe), 
now at disposal in many laboratories, favour a 
renewed interest in the study of microscopic kinetics in 
pulsed discharges [1]. The kinetics of excited species 
as well as of radicals and non emitting species can be 
directly monitored in the time domain. In N2 pulsed 
discharge particular attention has been devoted to 
N2(A

32^+) metastable kinetics because of its key role in 
the coupling of neighbouring electronic states B, W. In 
this context one step is the measurement of population 
density of each vibrational level of N2(A

3£„+ ). 
Various approaches have been employed to this 
purpose like N2(FPS) absorption ( actually by diode 
laser), N2(V.K.) emission, and Laser Induced 
Fluorescence (LIF). We have recently used LIF 
methods for measuring relative vibrational distribution 
of N2(A

3EU
+, v) [2]. In this work we have, employed 

LIF technique for measuring the population density of 
v=4 level by an appropriate single excitation - 
detection LIF experiment [3] in order to extend this 
data for inferring the absolute density of N2(A,v) 
states. 

2. Experimental 

The discharge is a typical parallel plates, capacitively 
coupled configuration, with 10 cm id. electrodes 
spaced by 5.5 cm. The 27 MHz rf excitation is fully 
modulated by a 100 Hz square pulse. 

The laser beam, produced by Nd-YAG, 
pumped dye laser with Rhodamine 610, is sent into the 
plasma chamber at the middle of the gap. The laser 
firing is synchronised to the discharge pulse under 
computer control. The laser induced fluorescence 
volume is focused (1:1 optics) and rotated by 90° by a 
Dove prism to match the entrance slit of a 1 m fl 
monochromator. The fluorescence light is revealed by 
a fest side-on photomultiplier, and measured by both 
photon counter and boxcar. The phototube is gated to 
avoid the saturation due to the high discharge 
background light. In order to further minimise the 
contribution of the FPS background radiation, the 
measurement has been carried out at 200 \xs in the post 

discharge where the background emission is greatly 
reduced with respect to LIF signal. 

Single     line     excitation-detection     LIP 
experiment has been carried out on the transition: 

(A3Zu+,v = 4, J) + hvL -> (BTIg, v'=8, J') 

(BTIg, v'=8, J') -»(AV v"=5, J") + hvB 

of First Positive System as discussed in [4]. In 
particular, we have excited one almost isolated 
rotational line of P]2 branch that, although weaker 
than Pu branch (generally used in our previous 
experiments [1,2, 3]), has very little overlap with 
other branches and a larger rotational spacing. This is 
particular important for density measurement 
experiment because the contemporary excitation of 
several lines makes difficult the quantitative analysis 
of the results. The energy of laser beam has been 
reduced to about 2 mJ by inserting neutral filters in the 
laser path. This allows to operate measurements under 
almost linear excitation regime [4] as well as to 
minimise the excitation of lines by the 0.2 cm"1 laser 
line wings 

3. Results 

3.1 Spectroscopy 
In fig. 1 it is shown an excitation spectra obtained at 
0.1 Torr N2 discharge by scanning the laser in the 
region 596.5-597.0 nm of P]2 branch of (8,4) band 
with detection toned to the Qu(J=8) line of (8,5) band 
at XE - 645.96 nm with a spectral window of 0.08 nm. 
The detection gate is 1 us. The strong excitation line 
at 596.786 nm corresponds to Pi2(9) line exciting 3noe, 
J=8 level that directly fluoresces through Qu(8). The 
weak lines at 596.84 nm correspond to Qi3(8) and the 
line at 596.87 nm has not been assigned. However, 
the e-f propensity rule can be overcome by collisions 
then increasing the number of possible emissions. This 
can be seen on the fluorescence spectrum shown in 
Fig. 2, obtained tuning the laser on Pi2(9) line and 
scanning the monochromator in the range 645.5 - 
648.1 nm. In this case it is observed that together with 
Qn(8) line, also additional lines of minor intensity. In 
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particular Pn(9) comes out by e-f collisional 
rearrangement. 

3.2 Absolute density measurement 
Since the predominant excitation and emission is on 
Pi2(9) and Qu(8) lines we have chosen this two lines 
for the N2(A,4) absolute population measurement 
Qu(8) has been detected with a spectral window 0.08 
nm. The measurement of the LIF intensity integrated 
in a T = 100 ns gate has been made both by photon 
counter and by boxcar. The result has then been 
converted in number of photons per second incident to 
the photocathode by the known radiant sensitivity (or 
quantum efficiency) of the photomultiplier. The two 
instruments give the same result indicating the 
correctness of the photon counting method. This LIF 
intensity is then used to calculate the density of the 
metastable roto-vibrational state, NAvJ, through the 
following relations: 

r 
TVJWJ = N TFA^jQvj(t)dt 

NA„, = 'AvI 
_  N.,, 

I^VJ.V'J' F = VJfl/4x 

where: 
V, is the sampled volume, determined by the slit width 
and the photocatode dimensions; Tr is the optical 
transmission of the whole path of the fluorescence 
through windows, lenses, Dove prism and 
monochromator, Q/4n is the sampled solid angle 
fraction; A*/ is the Einstein coefficient of the 
transition; Qv<x (t) is the quenching function of the 
laser excited roto-vibrational B state. This function has 
been measured by time-resolved photon counting; 
KpJ'vJ'is the fraction of A molecules pumped by the 
laser to the B state. This number depends on the 
saturation of the transition that, in our case of spatially 
non-homogeneous laser beam, cannot be calculated a 
priori. We therefore adopt the following semi - 
empirical procedure: 
- We measure the saturation characteristics of the 
transition varying the laser intensity by neutral filters. 
- Then we use a rate equation model analogous to an 
atomic case [5] (since we are in a line-to-line case ) in 
which the laser pumping rate, and its spatial 
distribution, is a parameter that is adjusted to fit the 
measured saturation features. The Kp 'v value is 
then easily extracted from the model. Since no 
polarisation of the fluorescence light has been 
observed, we assume that the emitting dipoles achieve 
an isotropic orientation distribution in a very short 
time compared to the observation time window. 

Finally, the population of the N2(A,v) state is 
determined from the population of the single rotational 
level 

NAVS35NAVJ 

in which the population ratio is calculated supposing 
Boltzmann rotational distribution at T„t = 350 K. 
Specialisation to our case yields: 

v = 4,J = 9andv' = 8,J' = 8 
NAv,= 2.6xl08cm"3 NAv = 9.1xl09cm-3 
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Oscillating electric fields (OEF) pla.y a decisive 
role im many physical processes in a plasma. The . 
presence of OEF in a plasma is a feature of a host of 
experiments, including, e.g., the action of a powerful 
laser or microwave radiation and of electron or ion 
beam, reconnection of magnetic fields and passage 
of strong currents. One of the most commonly 
used methods fcr diagnostics of OEF in a plasma is 
8pectroscopic method based on the modification of 
the emission spectra of atomic hydrogen under the 
influence of OEF. Calculations reported in [1] deal 
with the intensities of satellites of spectral lines of 
hydrogen atoms interacting with linearly polarized 
harmonic electric field of the form 

E(t) = E0 cos(wt + i (1) 

These satellites appear at frequencies Aai = ±w, 
±2u,... measured relative to the unperturbed 
position of the spectral line. The phase <f> is assumed 
to be fixed in (1). In [2] was calculated the 
modification of one Stark component of a hydrogen 
spectral line under the influence of linearly polarized 
stochastic oscillating electric field E(t) which is 
assumed to be a sample of a Gaussian process. The 
consideration in [2] was restricted to the case where 
E(t) is a quasimonochromatic field with ' the fix 
frequency u0. It was obtained in [2] that each Stark 
spectral component of hydrogen splits into a set of 
satellites. The total spectrum of these satellites is 
described by the expression 

S(Aw) = exp(-«)   £   IP(K)6(Aw-pu>), 
p=-oo (^J 

«(7<Je3>1/2M)2,. 

where IP(K) is the Bessel function, 7 is the Stark 
constant, and < E2 >^2 is the R.M.S. of the 
field. The profile of the envelope of S(Aui) in the 
multisatellite case (K > 1) is Gaussian 

So(Aw) = exp[ -Aw3/(272 < E2 >) ].      (3) 

However, for a turbulent plasma the typical 
situation is that the OEF of plasma turbulence is 
a superposition of a large number of independent 
harmonics with, random phases (j>j and different 
frequencies WJ: 

N 

£(*0 = Yl Ej cos(ujt + <pj ),     N -> co.     (4) 
..•'=1 

In the present work we consider the modification 
of spectral line profiles of hydrogen, under the action 
of the field B{t) (4). Similar to [2] we assume that 

vectors Ejia (4) are parallel to each other, and thus, 

the field E(t) (2) is linearly polarized. In contrast 
with the work [2] in the present work the relation 
between v and w0 can be arbitrary. In accordance 
with the central limit theorem the electric field E{t) 
(4) is a stochastic Gaussian process. 

Let the field E(t) be a stationary Gaussian 
process with the correlation function 

E(t)E{t + T) = B- G(T). (5) 

Here {.. .}ov means averaging, B = {E2}av is the 

mean intensity of the stochastic field E(t)} and 
the- correlation coefficient G(r) describes the time 
behaviour of the correlation function [G(0)=1]. 

The result of the calculation of the emission 
spectrum 5(Aw) of a hydrogen atom for the 
transition a -* b in the "Gaussian" field E(t) is the 
following: 

S(Aw) = x-1     £    Re 7exp(-iAwr)4«,(r)rfr, 

*«*(r) = \<cpa\r- e\tpfi > \2Paß(r), 

P«ß(r) = exV[-ylßBf(T-t)G(t)dt],    r > 0. 
0 

(6) 
In (6) cpa and <pß are "parabolic" wave functions 
of the hydrogen atom, e is the unit vector 
of the photons emitted, a.nd iaß is the Stark 
constant: jaf =< <pa\z\tpa > - < tpß\z\<pß > (the 

axis z\\E{t)). We use the atomic units 
% = me = e = 1. 

The calculations were performed for the model 
in which the field E(t) represents a band noise 
with Lorentzian spectrum. For such model the 
correlation coefficient can be represented in the form 

G{T) = exp(-u\r\) cos(w0r). (7) 

The valae 2u is the halfwidth of the spectrum 
corresponding to the function G(T). Substituting 
(7) in (6) we obtain 

Paß(r) = exp{-flßB{ [02 - w2) cos(w0r) 
-2i/w0sin(w0r)]exp(-i/r) (8) 

+t/r(w2 + u2) +w2- v2}(w2 + u2)-2 }. 

In the case when i/fai,} 
derived from (8): 

P„« = 

0 the result of [2] can be. 

>„0 = «:<p{-(7^#/w2)[l - cos(«or)]} 
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From (8) it follows that for u/w0 < 1 each satellite 
in the spectrum (2) excepting a few satellites near 
Aw = 0 has a lxjrentzian profile with the halfwidth 
Aw!/2 = 4wrlßB/uo. In the case Ax/2 > v0 

the profiles of satellites are overlapping, and the. 
resultant profile is described by the Gaussian 
function coinciding with (3). Now let us assume 
that the following conditions are valid 

"/<"o 5> 1,  llßBlwl > 1,    ilßBfv2 » 1.     (9) 

Under these conditions the profile of the spectral 
component is also Gaussian. A simple result can be 
also derived from (8) for the case 

i2,-B/(«3 + i/a)<i. (10) 

Under the condition (10) the profile of the 
spectral component is Lorentzian with the halfwidth 
2flßBu/(u>Q + j/3). Figs.1,2 show the spectrum 
of hydrogen spectral line H$ with the polarization 
parallel to the vector E(t) (Fig.l) and orthogonal 

to the vector E(t) (Fig;2). Let 71 and 72 be 
mean Stark constants for a hydrogen spectral line 
with polarizations parallel E(t) and orthogonal E(t) 
respectively. Then 72 < 71. For the line Hs the 
satellites are visible clearly for the" polarization 
orthogonal to the field E(t) (cf. Fig.2). The 
disappearance of the most of satellites in Fig.l 
(excepting a few satellites near the center of the line 
Hs) is due to the fact that the formally calculated 
halfwidths of such satellites are greater than the 
separation between them u>o. 

The results of the present work give an 
opportunity to determine simultaneously two 
parameters of the turbulent electric field E(t) in a 
plasma: the R.M.S. strength B1^2 and the spectral 
width v. For this it is necessary to record spectral 
line profiles of hydrogen with two polarizations: 
parallel to the vector E(t) (the profile Si (Aw)) 

and perpendicular to the vector E(t) (the profile 
52(Ao/)). The profiles Si (Aw) and S2(Aw) may 
differ from each other not only in their halfwidths, 
but also qualitatively (as is shown, e.g., in Figs.1,2). 
Let us assume that the frequency wo is known 
beforhand (or is measured by using the separation 
between satellites of a hydrogen spectral line). 
Then the values J51'2 and v may be obtained 
by comparing the experimental profiles Si (Aw) 
and S2(Aw) with a set of the theoretical profiles 
calculated for different values of B and u by using 
the formulas (6), (8). 

This work was supported by the Alexander 
von Humboldt Foundation, which sponsored 
the author's research stay at the Institute of 
Experimental Physics II of the Ruhr University 
a.t Bochum, Germany. The author is grateful to 
Professor II. Scldiiter for his hospitality. 
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1. Introduction 

The problem of calculating optical properties of hot, 
dense plasmas (the shape and intensity of spectra 
lines, the opacity) and Stark-broadening diagnostics 
of these plasmas arise in various physical experiments 
and technical processes and in astrophysics. The 
computation of the line shapes is an important task in 
this problem, because of the profiles of spectra lines, 
broadened mostly by Stark effects from electric 
microfield of plasma, have been long used for 
determining electron and ion densities and for 
calculating photoemission and photoabsorption by hot 
matter. 

Plasma broadening of spectra lines arises from 
interaction of the radiator with electric microfield 
both electrons and ions of plasma. It is assumed to 
distinguish two types of electric fields, a high- 
frequency field of electrons and low-frequency field 
of shielded ions. It is now customary to treat the 
electrons with an impact theory and to obtained the 
ions contribution by quasistatic approximation. This 
assumptions allow to describe the far wings of spectra 
lines. However, the motion of ions can produce 
significant discrepancy near line center. The 
experiment [1] have shown that this ion-dynamic 
effects can change the halfwidth of the lines with 
unshifted components, such as Ly,^r Hav/, by a factor 

of 2 or more with respect to quasistatic approximation 
for ions. Computer simulations [2] were performed to 
study the effects of ion dynamics on spectra line 
shape of charged hydrogenic emitters. It was shown 
[2] that considerably large effects due to ion motion 
are observed near the line center at this case. 

It was shown in [3] that the main factor of 
broadening near the line center is the rotation of the 
ionic microfield. The perturbation theory was used for 
calculations of the corrections on thermal motion of 
ions [3,4]. That is why this corrections are suitable 
for the low temperature plasma only, when they are 
small. The influence of ions motion on the line 
broadening in hot plasma is so hard that the 
perturbation  theory  is  not   suitable.   The   difficult 

model [5] was constructed for this case. In spite of its 
difficult, this model gives rather accurate results only 
for Lya lines. For more complicated lines, such as Lvp 

its accuracy falls off. 

Often the models mentioned above not suitable for 
practical applications, because the simple, suitable for 
large scale numerical calculations, applied at wide 
rang of temperature and densities models are needed 
for plasma diagnostics and opacity calculations. 

2. The model of ion-dynamic broadening 

The new universal analytic semiempirical model of 
ion-dynamic broadening for all intermediate region 
between the impact limit and the perturbation theory 
corrections to the static approximation of ion 
broadening was obtained. This model was constructed 
by to steps: 
1) Simple physical model was used for extracting the 
general functional relation between the broadening 
and the plasma temperature and density. We used the 
one-particle approach [6] for determining this 
relation. The line profile is reduced to quadratures 
with special functions at this case. The analytic 
approximation for this quadratures have been 
constructed. This model gives only the general 
proportions between the line halfwidth and the plasma 
conditions. So we have to determine the coefficient of 
this proportion, which due to many-particle effects in 
plasma. 
2) The analytic approximation for this coefficient 
which connected the impact and quasistatic limits was 
constructed. The single free parameter at this model 
was selected to provide the best agreement of the 
results obtained with the experiment [1] or with 
calculations of the lines shape by molecular dynamic 
(MD) method [2]. 

3. Results 

We tested our model to compare our results with 
experiments in hydrogen [1] at r~104(K), 
JVe~1018(cm-3) and with MD calculations [2,7] for 
hydrogen at the same conditions and for Al+n, AT*

17 
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at r-106(K), JV^-lO^cm"3). In spite of the very 

loglOnUafflVMBXUstat H 
o I     *"-'--,'        ' ' ■ ■ >—-< 1 ■ ■" 

ne = 2 -1017 cm 
T= 13200 K 

W 

LogIOC Lambda,   nm] 

Fig.l. Comparison of measured     (*,  *,  *)     and 
calculated: the present model ( ), static ions ( - 
- - ), Lya hydrogen Stark profiles. The intensity of 

the line calculated by the static model for ions is 
equal to 1 for AX=0. We use log-log coordinates for 
more detailed comparison as the line center as the far 
wings of the line. 

different plasma conditions at this cases our model 
gave good accuracy (Fig. 1,2,3). Emphasize that the 
quasistatic model is rather well for a far wings of 
spectral line (Fig. 1,3), but there are significant 
deviations between this model and experiment or MD 
results near the line center. As opposed to this result, 
the model, presented here, describe well as the line 
center as the far wings of the line. 

Also we tested the variation of the line profile with 
changing the reduced mass of radiator-perturbing-ion 
pair. It was founded in experiment [8] that the ratio 
lj/IH of the profiles Lya of D in Ar* and H in Ar* 

respectively, at the line center is equal to 1.17 for 
r=15500(K), Afe=2-1017(cm"3). The proposed model 
give the close result (1.18) for this conditions. So the 
discrepancy is less than 1%. 
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Fig.3. Lyy spectral line of Al+n. The markings are the 

same as Fig.2. 
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1. Introduction 

The positive column of a low-pres- 
sure Ar-Hg discharge has been ap- 
plied as an excitation source for a 
fluorescent lamp for illumination. 
Many studies on the diagnostics and 
fundamental mechanisms have been 
carried out on both the classical 
fluorescent lamp (d=36mm) [1-3] and a 
compact fluorescent lamp (d=12mm) 
[4-63. 
On the other hand, a lamp of ex- 

tremely narrow inner diameter (usu- 
ally below 6mm) has been recently 
developed for liquid crystal display 
(LCD) backligting and its importance 
is undoubtedly increasing.  Ar fill- 
ing pressure (a few ten Torr) of LCD 
is higher than that of classical and 
compact fluorescent lamp (3Torr). 
Some characteristics or mechanisms 
of the narrow-diameter lamp may be 
similar to those of the 36mm one; 
however, the similarity rule does 
not hold between them due to the 
contributions from a stepwise ioni- 
zation process taking place in the 
36mm lamp[3].  Therefore, in order 
to clarify the excitation mechanism 
in the narrow-diameter lamp quanti- 
tatively, various parameters must be 
measured directly and some analysis 
must be done. 

The HgGp'Po.i.a state densities 
and Hg+ ground state density are im- 
portant parameters for clarifying 
the excitation mechanism quantita- 
tively.  In this work, using a modi- 
fied absorption method[7], we have 
measured the Hg6p3Po,i ,2 state and 
Hg+ ground state densities in the 
Ar-Hg discharge of tube diameter 4mm 
Ar filling pressure 20Torr and dis- 
charge current 5mA and 10mA on bath 
temperature. 

2. Experiment 

The Hg6p3Po,i ,2 state and Hgf 

ground state densities were measured 
with the modified absorption method. 

The principle of this method is 
described in detail in Ref. [7].  The 
discharge tube was made of quartz 
glass of 4mm inner diameter and has 
one anode; A, and two cathodes;Kt 
and K2 . The discharge could be ob- 
tained at A-K, (ß  =3cm) and A-K2 
(2ß  =6cm) by changing the switch SW. 
The Ar filling pressure was 20Torr. 
The tube was placed in a water bath, 
to control Hg vapor pressure by con- 
trolling the water temperature. 

First, a discharge was obtained 
between anode A and cathode Kt and 
the endlight intensity I, of the 
Hg(I) line (7s3S , - 6p3P0. i. 2 ) 
from the plasma I was measured with 
monochromator.  Next, the discharge 
was switched from A-K1 to A-K2 and 
the endlight intensityl2 of the 
line from the plasma I+H was mea- 
sured.  Then, the ratio of the two 
light intensities is given by 

h 
- 1 = G(kJ) 

_ J[l-exp(-k0lf(u))]exp(-k„lf(t/))du 
/[l - exp(-k0lf(v))]du (1) 

Here,  kQ is the absorption coeffi- 
cient at the line center of the 
Hg202 isotope component, / is the 
plasma length, and f(v) is the func- 
tion giving the profile of the 404.7, 
435.8 or 546. lnm line.  Since the 
transmissivity of the window is not 
included in eq.(1), the absorption 
coefficient of an ultraviolet or 
visible line can also be measured 
exactly with this method.  When k,,e 
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is known from the measured 12-/Ii and 
eq. (1), the Hg6p3Po ,1 ,2 state den- 
sities can be obtained.  The Hg' 
ground state density is determined 
with the same procedure as that the 
Hg 6p3Po,i,2 state densities. 

3. Results and Discussion 

Figures 1 (a) and 1 (b) show the 
bath temperature dependences of the 
Hg6p3Po. 1, 2 state and Hg+ ground 
state densities obtained on the tube 
axis at the discharge current of 5mA 
and 10mA, and the Ar filling pres- 
sure of 20Torr.  They increase with 
the bath temperature.  Hg+ ground 
state density shows the trend of 
saturation above 70°C.  This trend 
is similar to that obtained in the 
Ar filling pressure 3Torr[8].  The 
value of Hg1^ ground state density is 
higher than that obtained at Ar 
pressure 3Torr. 
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1.Introduction 

When CF3, CF2 and CF radicals are used as the reac- 
tive gas for dry etching of semiconductors, contribution 
of radicals of CF3, CF2, CF and F,   the etchant,   in the 
etching processes has been regarded important and 
widely studied.   However, the details of the chenustry 
and physics in the etcliing reactors are not fully under- 
stood since measurements of free radicals in CF4 pla- 
sma are very difficult. 

CF and CF2 radicals liavc been detected by a laser 
induced fluorescence technique[1-4] and also by an in- 
frared diode laser absoption technique. [5] On the other 
hand,   CF3 and CF2 radicals have been measured by a 
threshold ionization mass spectrometry in a CF4 rf pla- 
sma. [6]   These radicals are employed for modeling 
analysis and others in the computer summation,   and 
useful to clarify the etcliing mechanisum in a CF4 pla- 
sma.  Therefore,   systematic measurement must be car- 
ried under the same condition because CF3,   CF2 and 
CF radicals have been reported under different condi- 
tions of discharge plasma. 

In tliis study, we have used the llireshold ionization 
mass spectrometry[6-8] to determine absolute densities 
of CF3, CF2, CF and have compared these densities. 

2.Experiment 

The used discharge tube is made of pyrex glass of 
3cm inner diameter with cold cathode.  The CF4 gas 
at flow rate of lOsccm was supplied to the discharge 
tube by a mass flow controller. The pressure in the dis- 
charge tube was measured with a capacitance mano- 
meter. The CF4 gas was pumped through the discluirge 
lube. The excitation of the discluirge was made by DC 
discharge (20mA).   The neutral species effusing from 
the plasma were introduced into a quadrupole mass 
spectrometer (QMS) through orifice of a diameter of 
200 ß m at the cathode side.   Pressures of 6 y 10~6 

and ly 10"7 Torr were obtained in the quadrupole 
housing and discharge tube, respectively,   under diffe- 
rential pumping with two turbo molecular pumps. Even 

with 0. 4Torr pressure in the discharge tube,   the pre- 
ssure in the quadrupole housing did not rise above 5. 1 
X 10"5 Torr.   The orifice is off plasma to minimize 
the background of discharge plasma.   The neutral spe- 
cies is ionized by an electron beam energy from a fila- 
ment in the ionization chamber. 

3.Results and Discussion 

A threshold ionization technique is based on several 
cV difference in threshold energies for electron-impact 
ionization of parent molecule and the radical.   Figucr 1 
shows the semilogarithmic plot of the QMS output cur- 
rent IQMS for CF3+ (m/e=69) as a function of electron 
beam energy Ee.  Here,   the electron beam energy was 
calibrated by measuring the ionization tlircshold of Ar 
gas(15. 75eV).  There is a difference of about 6eV bet- 
ween the dissociative ionization tlireshold of  CF4 —» 
CF3+ (E3 =16- 3eV) and the CF3 radical ionization ther- 
shold of CF 3 — CF3

+ (E3'=10. 4eV)[9]. When the dis- 
charge is turned off,   electron-impact dissocitation of 
CF4 gives rises to fragment ion CF3+ at energy liigher 
than tliis tlireshold   (CFi ■— CF3+ : E3 = 16. 3eV). 

10 20 

Electron beam energy Ee [eV] 

Fig. 1.   Quadrupole mass spectrometer output current 
for CF3+ (ni/c=69) as a function of electron beam 
energy,   with the discharge on (open circles) and the 
discharge off (closed circles). 
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As seen in Fig. 1, the data taken with the discliargc off 
lias small residual signal below the threshold, probably 
due to dissociation of impurity gases. The obscrval dif- 
ference between upper and lower curve in Fig. I is 
attributed to electron impact ionization of CF3 effusing 
from the plasma when the discharge is on.  Therefore, 
the CF3 density n in the plasma is proportional to the 
difference between both QMS output current 1'QMS be- 
low 16eV and it can be obtained from the cqualionlß] 

IQMS = IQMS {discharge on) 
= A cr(B)n, 

IqMs(disclwrge off) 

(1) 

where a (Ee) represents the CF3 ionization cross sec- 
tion for each value of electron impact energy and A is 
a constant which depend on Uie vacuum conductance 
of the orifice and the QMS sensitivity. 

A can be obtained from the discharge off CF3+ sig- 
nal due to CF4 fragment ion if eq. (1) is applied rep- 
lacing n by CF4 density and o (Ee) by the dissociative 
ionization cross section. Eq. (1) can be transformed as 
shown in the following equation 

A   I'QMS 

A  Ee 
= An 

A a (E) 
A E 

(2) 

By substituting the slope A IQMS / A Ee (discliagre 
off) when Ee above E3 in Fig. 2 is plotted on the 
linear scale,   and the slope A a (Es) / A Ee of the 
dissociative ionization cross section (CF4—» CF3+ )[10] 
into eq. (2),   we can determine the value of Ar   Using 
this value of A,   and substituting the slope A IQMS / 
A Ee when the Ee between threshold E'3 (10. 4eV) and 
E3 (16- 3eV) in Fig. 2 is plotted on the linear scale and 
slope A cr (Ee)/ A Ee of the ionization cross section 
(CF3 -* CF3

+ )U0J into eq. (2),   we can obtain CF3 
density. 

Using the data for dissociative ionization cross sec- 
tion(CF4 -» CF2+, CF4 -» CF + )[10] and the ionization 
cross section (CF2 -» CF2+, CF -* CF + )[l 1], we 
determined CF2 density and CF density with the same 
procedure as that the CF3 density. The following value 
were obtained for n(CF3), n(CF2) and n(CF) : n(CF3) = 
2. 6 y 10'2 cm"3,   n(CF2)= 1. 5xl0,2cm-3,   n(CF) 
= I. 3 y 10'2 cm ~3. The radical density ratio is esti- 

mated to be n(CF3) : n(CF2) : n(CF) ~ 2 : 1 : 1. 
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MEASUREMENTS OF DIFFUSION COEFFICIENT OF CF RADICAL 
IN CF4/H2 DISCHARGE PLASMA 

S.Mashino, K.Horikoshi, H.Fujioka, M.Goto and T.Arai 
Department of Electrical and Electronic Engineering, Kanagawa Institute of Technology 

1030 Shimo-Ogino, Atsugi 243-02, Japan 

1. Introduction 

Low-pressure CF4 discharge plasmas are used 
extensively for dry etching of semiconductor devices. 
Mixing CF4 with O2 or H2 provides etching selectivity 
between Si and SiCte. Laser-induced fluorescence 
(LIF) has been used as a diagnostic technique in such 
plasmas, due to its high sensitivity and selectivity in 
measurement. [1] This LIF technique has been applied 
to obtain information on the buildup and decay of CF2 
and CF radical densities in pulsed CF4 discharges. [2-5] 

The diffusion coefficient of a radical is one of the 
important parameters needed to clarify the etching 
mechanism in CF4 plasma. Measurements of the 
diffusion coefficient have been carried out for the CF2 
radical in Ar,[6] CF4[7] and C>2[8] and for the CF 
radical in CF4 and H2.[9] 

In this study, we have used LEF to probe the decay 
of transient CF radical density in pulsed CF4/H2 plasma 
and have determined the diffusion coefficient of the CF 
radical in CF4 and H2. 

2. Experimental 

The discharge tube was a hollow cathode tube 
consisting of a stainless steel cylindrical cathode (10cm 
inner diameter, 30cm long) with optical access parts and 
two tungsten pin anodes (1.5mm diameter). CF4 was 
supplied to the discharge tube by a mass flow controller 
at a flow rate of 2sccm. The pressure in the discharge 
tube was measured with a capacitance manometer. 
Then H2 gas was added to the CF4 gas and the H2 
pressure was obtained from the capacitance manometer 
reading based on the increase in pressure. The CF4/H2 
gas mixture was pumped through the discharge tube. A 
DC pulsed voltage with a repetition frequency of 
10Hz, a width of 0.5ms and a discharge current of 
300mA was applied between the electrodes. After 
0.5ms, the current falls to a zero level within 1 ß s. 
Digital delay generators provided precise timing control 
of the discharge, laser, and detection equipment. Laser 
excitation was provided by a Nd+S:YAG pumped dye 
laser (Quanta Ray DCR-3G/PDL-2) with a wavelength 
extender (WEX-1). 

Fluorescence was collected at 90° from the incident 

beam using a quartz lens, focused onto the entrance slit 
of a monochromator (Nikon G-250), and detected with 
a photomultiplier. The signals were averaged over 300 
samples in 50ns gate using a boxcar integrator 
(Stanford Research Systems SR250). 

The 232.9nm laser beam of 0.05mJ/pulse was used to 
excite CF radicals from the ground state X2 II (v=0) to 
the excited state A2 S +(v'=0).[10] The relative density 
of CF radicals was determined from an intensity change 
of the emission band at 255.5nm, which corresponds to 
the A2 £ +(v'=0)— X2 IT(v=3) transition. 

3. Results and Discussion 

In a simplified model of the discharge afterglow, the 
CF radical density N will vary roughly as 

N = No exp (1) 

where No is the initial CF radical density, and the 
lifetime of CF radical r [11] is provided by 

1 A2P V     2(2-a) 
T ~   Kwall    ~     D      + A'     va (2) 

Kwall is the effective loss-rate constant, A is the 
diffusion length of the container, P is the pressure in 
Torr, D is the diffusion coefficient of CF radical in the 
CF4/H2 gas mixture at lTorr, VIA is the volume to 
surface area ratio of the container, "v is the kinetic 
mean velocity of CF radical, and a is sucking 
coefficient. The first term in eq.(2) is proportional to 
the gas pressure, and assuming that the a is constant, 
the second term is constant. 

Figures 1 and 2 show the dependences of lifetime of 
the CF radical on the H2 partial pressure and the total 
pressure, respectively. The lifetime increased with H2 
pressure under constant CF4 pressure and total 
pressure. These linear increases show that gas phase 
recombination riactions are much smaller than the 
diffusion to the chamber walls and can be neglected 
under the conditions of Figs.l and 2. The radial 
distribution of the CF radical density in the discharge 
decreased gradually along the direction of radius under 
the present discharge conditions. This distribution 
curve was approximated to the zeroth Bessel function. 
Therefore,  the  lifetime   r  in the  CF4/H2  discharge 
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plasma is given by eq.(2). 
The linear relationship shown in Figs.l and 2 

indicates that the diffusion coefficient in eq.(2) can 
approximately satisfy Blanc's law: 

Reference 

D 
P(CF4) P(ih) 

D(CF in CF4) D(CF in H2) (3) 

Here D(CF in CF-0 and D(CF in H2) are the diffusion 
coefficients of CF in CF4 and H2 at lTorr, respectively. 
When eq.(3) is substituted into eq.(2), we obtain 

A1 P(CF4) 

+ A 

L>(CF in CF4) 

DiCFinRz)   . 

+ A 
V    2(2-a) 

v a 

(4) 

The first and second terms on the right of eq.(4) 
become constant and the third term is proportional to 
H2 partial pressure under the present conditions. From 
the slope of the straight line in Fig.l, D(CF in H2) is 
estimated to be 

D(CF in H2) = 660 cm'-Torrs"1 

at room temperature. From the value of D(CF in H2) 
and the slope of the straight line in Fig. 2, D(CF in 
CF4) is estimated to be 
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and 

D(CF in CF4) = 240 cm^Torr-s-1. 

These values were in good agreement with that obtained 
in infrared diode laser absorption spectroscopy.[9] 
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Fig.l Lifetime of the CF radical as a function of the H2 partial pressure 
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Time resolved temperature measurements in a H2 high density pulsed discharge 

A Rousseau, E Teboul, G Gousset, P Leprince 
Laboratoire de physique des gaz et des plasmas, Universite Paris-Sud, Bat 212, 91 405 Orsay Cedex,France 

1. Introduction 

Low pressure plasmas (about 1 Torr) are very 
efficient sources of active species (radicals, excited 
neutrals, ions) and their applications increase 
continuously (thin films deposition and etching, 
polymer treatments, environmental applications). For 
these processes, the neutral temperature is an important 
parameter. In hydrogen plasma, it was recently reported 
that the H atom temperature TH is higher than the 
molecular temperature, both in the positive column of a 
DC discharge [1] and in surface wave discharges [2]. 
Up to now, these measurements have been performed at 
the steady state. 

For example, it was shown that the H atom 
temperature does not depend on the gas velocity in a 
flowing surface wave discharge, suggesting that the 
heating of the gas occurs in very short time. In the 
present study, we investigate the heating of the gas (H 
and H2) during a short pulse (10 us) in a microwave 
discharge created in a cavity. Three distinct 
temperatures are determined at the same time: the 
kinetic temperature of the H atoms and of the 
molecules, and the rotational temperature of the 
molecules. The purpose of this study is to evaluate the 
power balance in order to understand the mechanisms 
and the time caracteristics of the heating of the gas. 

2. Experiment 

The discharge is created in a quartz tube (inner 
diameter =16 mm), set in a microwave cavity excited 
at the frequency =1.12 GHz. The microwave generator 
supplies 10 us pulses, with a duty cycle equal to 10"3. 
Two distinctive microwave powers are studied: 4 kW 
and 8 kW. In both cases, the cavity length is set so that 
all the incident power is absorbed by the plasma at the 
end of the pulse (critical coupling). The mechanisms of 
the breakdown in this cavity are described in ref [3]. In 
the following, results presented have been obtained 
after the gas breakdown (t > 0.1 us). 

Temperature measurements are performed using a 
JY HR1000 spectrometer, providing a resolution of 
0.005 run at the 2° order of the 1200 lines/mm grating. 
Atomic and molecular temperatures (TH and TH2) are 
deduced from Doppler broadening of H«, Hp lines for 
the H atoms and of B'ZU

+ -> G'Eg
+ (v'=v = 0) 

462.8 nm line for the molecules. For the atomic lines, 
the fine structure is deconvoluted: THa,p is determined 
by comparing the experimental atomic line spectrum 
with a calculated spectrum taking into account 
altogether the fine structure, Doppler broadening and 

apparatus broadening. The rotational temperature is 
deduced from the Fulcher a band (a3Sg

+ (v'=l) -> 
d3nu(v=l)) (N=l,3,5). As discussed in [1], the 
rotational constant to be considered is the rotational 
constant of the ground state Bv=60 cm"1. The intensity 
line signal, averaged along the tube axis, is time 
resolved using a boxcar averager EGG 4420. 

3. Results 

Rotational temperature. 
In the following, the time t=0 is refered to the 

beginning of the pulse. Figure 1 presents the rotational 
distribution (F0 band) for different time t after the 
beginning of the pulse. It appears that at t=0.8 us the 
rotational distribution is very far from the Boltzmann 
law. Even at the end of the pulse (t=9.5 \is), the 
rotational distribution is not completely relaxed. 
However, a mean rotational temperature Trot can be 
defined by fitting the rotational distribution by a linear 
regression. At t=9.5 us, Trot increases from 1580 K to 
1820 K , when the microwave power increases from 
4kWto8kW. 

-0.5 

-1.0- 

"□■• t = 0.8ps 
-o--t = 3.5jJS 

-A-1 = 9.5 Ms 

N(N<-1) 

Figure 1. Rotational distribution for different 
instant of the pulse . p=lTorr, P=4kW. 

Kinetic temperatures and gas temperature. 

The molecular singlet-singlet transition B'ZU
+ -> 

G Sg
+ is considered because no fine structure 

complicates the determination of the temperature by 
Doppler broadenning. In this experiment, the 
dissociation degree is supposed to remain very low, due 
to low duty cycle ratio (1/1000), and the shortness of 
the pulse duration (t=10 us). Indeed, It was previously 
shown by laser induced stimulated emission that the 
effective dissociation time of the H2 molecule by 
electron impact, is typically 10 ms at 1 torr for an 
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electron density ne=1012cm"3 [4]. Therefore, Tm is 
expected to be the kinetical temperature of the neutrals. 
Figure 2 represents the time evolution of the kinetic 
temperature; Tm increases sharply during 2.5 us from 
300 K to about 900 K. 
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Figure 2: Time evolution of the molecular 
temperature Tm- p=lTorr, P=4kW 

The determination of the atomic temperature from 
balmer lines must be discussed in detail. Figure 3a and 
3b present the H« line at the begining (t=0.9 us) and 
the end (t=9.5 us) of the pulse respectivelly. At the 
beginning of the pulse, the experimental spectrum H« 
can not be fitted by a simple theoretical calculation 
(figure 3a). In such cases, a non doppler broadening of 
balmer lines are generally attributed to dissociative 
excitation (e + H2 -> e + H + H(n)). However, figure 3a 
exhibits a splitting of the line which can also be 
attributed to a strong stark effect (1 mixing of the J=l/2 
and 3/2 components); indeed, at the beginning of the 
pulse (just after the breakdown), the electric field is still 
very high. Work is in progress in order to understand 
this phenomena. At the contrary, at the end of the 
pulse, the theoretical spectrum fits perfectly the 
experimental one (the corresponding temperature is 
THa=1950 K), which shows that the determination of 
the H atom temperature is perfectly valid in this case. 
The temperature THp determined in the same way by 
deconvoluating the Hp line is equal to THp =1800 K at 
the end of the pulse. The difference between THa and 
THp is within the error bars. 

Heating of the H atoms. 
These results show that the H atom temperature is 

considerably higher (about 1900 K) than the molecular 
temperature (900 K), after a 10 us pulse. This was 
attributed to the fact that the thermal energy of the 
neutral particules is provided by the dissociation of the 
molecules by electron impact e + H2 -> e + H + H (3.5 
eV per atom), which creates hot H atoms. The H atoms 
lose part of their energy by very efficient momentum 
transfer on the molecules. 

calculated  
spectrum 

/      0.8 

/           0.6 

3b           , /                °'4 

0.2 

 ' 9- 

\              t=9.5 us 

-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 

calculated _ 
spectrum 

experimental spectrum 

-0.1 0.1 
lambda (A*) 

Figure 3: Experimental and calculated spectra of 
the Ha lin, at the beginning of the pulse (3a) and at the 
end of the pulse (3b). p=lTorr, P=4kW. 

Heating of the molecules: 
TH2 increases from 300 K to 900 K in less than 

2.5 us. The heating of the molecules is sustained by two 
main mechanisms: 

•Dissociation of the molecules and creation of 
energetic neutrals as described above. 

•electron neutral elastic collisions. 

Work is in progress in order to quantify these two 
mechanisms. 
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Franck-Condon factors calculation for the A 3£*- C 3nu 

and A 3E + -* B 2E + transitions of N2. 

H.Champain, D.Djermoune, G.Hartmann 

Laboratoire de Physique des Gaz et des Plasmas, E.D.E.E., ESE., plateau de Moulon, F.91190 GIF-sur-Yvette. 

Abstract 
Electron impact cross sections for non radiative transitions A 3E+-* C 3

I1U and A 3EU
+- B 2E„ are 

unknown. Nevertheless, for calculations, it is often assumed that Franck-Condon factors can be used as 
a substitute. These calculations are proposed here; they are justified by the lack of reference in spectro- 
scopic tables, since they mainly concern radiative transitions. 

Taking into account a partial excitation starting from the metastable state A 3E+, the use of the Franck- 
Condon factors enables us to compute spectra of the second positive system and the first negative system 
of nitrogen N2. The calculated spectrum is compared with an experimental one, as it appears in the next 
paper. 

Introduction 
An abnormal distribution of the intensity of the 

molecular band of the second positive system of N2 is 
observed in the light from the cathodic region of a 
low current electric arc (see next paper). 

This suggests that a partial excitation of the 
electronic level C 3H.U is possible, starting from the 

metastable level A3EU
+ At this time, the cross 

sections for this electron impact transition are 
unknown. Similarly, the Franck-Condon factors are 
omitted in the tables, since this transition is non 
radiative. 

The cross sections values cannot easily be theore- 
tically evaluated, but the Franck-Condon factors can 
be accessed by computation following the method 
given by Nicholls [ 1 ]. 
Calculation results 

Computation are made for the transitions 
A 3EU

+- C 3nu and A 3EU
+- B 2EU

+ with the cons- 
tants given by Nicholls [1]. 

The computed values of the Franck-Condon 
factors are given in tables 1 and 2. 
Simulated spectra 

The computed factors are then introduced in the 
simulation code for the second positive system of N2 

already made by Hartmann et Johnson [2], further 
used for spectra simulations, [3-6]. Simulation of the 
first negative system of N2 was made later. 

The present simulated spectra are obtained assum- 
ing 5000K for the rotation and vibration tempera- 
tures. The entrance and exit slits of the assumed 
monochromator are of . 1 and .5 nm equivalent width 
respectively. The displacement is by .5 nm steps. 

We show the simulated spectra of the second 
positive system of N2 on figures 1 and 2, respecti- 
vely, assuming a 100 % production either from 
ground or metastable states. On figures 3 and 4, are 
show the same simulated spectra for the first negative 
system of N2. 

w 0 1 2 3 4 
0 023 .110 .252 .363 .311 
1 .071 .181 .148 .013 .068 
2 .120 .139 .008 .085 .170 
3 .148 .056 .028 .132 .009 
4 .151 006 088 .040 .050 
5 .134 .004 .090 .001 .106 
6 .108 .031 .049 .041 .054 
7 .081 .059 Oil .079 .003 
8 .058 076 - .072 .014 
9 039 .079 .013 .039 .051 
10 .026 .072 .034 010 .068 
It .017 .060 .051 - 055 
12 Oil .047 .061 008 .028 
13 .007 .035 .062 .025 .007 
14 .004 .026 .057 041 . 
15 .002 018 .049 .052 .005 

v"V 0 1 2 3 4 5 6 7 8 9 10 11 
0 - .002 .013 .050 134 .235 .341 .347 .281 .177 .082 .030 
1 .001 .012 .052 .135 .221 .186 .071 - .091 248 .295 .227 
2 .003 .033 .104 .175 .143 .022 .025 .139 .135 .018 .040 .214 
3 .007 .063 .142 .137 .029 .020 .122 .074 .001 .102 .133 .017 
4 .014 .096 .144 .061 .003 .089 .073 .001 .091 .077 .001 .110 
5 .024 .121 .111 .008 .049 .085 .003 .062 .070 .001 .092 .053 
6 036 .132 .064 .004 .085 .029 .024 .077 .002 .067 .047 .013 
7 .048 126 .023 .031 .074 - .067 .024 .029 .064 .001 .081 
8 .060 107 .002 .059 .036 .018 .062 - .065 .007 .050 .033 
9 .070 .080 .002 .069 .006 .048 .024 .027 .042 .011 .056 .001 
10 .077 .052 .017 .058 .002 .056 .001 .052 .005 .046 .013 .039 
11 .081 028 .035 .036 .018 .040 .009 .044 .005 .048 .002 .051 
12 .082 Oil .050 .015 .037 .017 .031 .018 .028 .019 .028 .019 
13 .081 .002 .057 002 .049 .002 .044 001 .042 . .042 _ 
14 .078 • .055 .001 .047 .002 .040 .004 .034 008 .029 .014 
15 .072 .004 .047 .007 .035 .012 .024 .019 .015 .026 .007 .033 

Table 1 - Franck-Condon factors for 
A 3EUV') - C 3nu(v') 

Table 2 - Franck-Condon factors for 
A -XV') - B 2EUV) 

XXm ICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-95 

1.0 

£0.5 
c 
CD 

0.0 

I   M   I   |   I   I   I   I   |   I   I   I   I   |   I   I   I   |   |   |   |   |   I   |   I   I   I   I   |   I   [   I   I   | I I I I I 

fig. 2 

2nd pos. syst. from A 3Eu
f - C 3nu 

I   I   I   M   I i   I   i 

1.0 

.£0.5 
CO c 
CD 

0.0 
1.0 

3 

■Z- 

£0.5 
0) 
c 
a> 
c 

I   I   I   I   I   I   I i   i   |   l   l   I   I   |   I   I   I 

i i i i i i i i ' i JA I L^/l 

I I I I I I I I I I I I I I I I I I I I I 

fig. 3 

1st neg. syst. from X 'Eg
+ -. B 2EU

+     - 

'I'll L-H-T i  i  I li  i  i-x-H^'VU I  i  i   i 

0.0 

1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1   1   1   1   |   1   1   1   1   |   1   1   1   1   |   1   1   1   1   |   1   1   1   1   |   1   1   1   1   |   1 

- fig. 4     - 

- 
1st neg. syst. from A 3EU

+ - B 2EU
+ 

1 1 1 i i 1  \A\ i \Jr i 1   \^/\ IHI   i   i  l.i~*Ai. i  L-i-iMVUl   i   i I^MMU JIII  L_u-AJ„ i 

275        300        325        350        375        400        425        450        475        500 

-; wavelength   (run) 

Conclusion 
The influence of the excitation of the C 3IIU and 

B 2E+ states starting from the A 3E^ metastable state 
is clear and evident. Of course, for a thermodynami- 
cally equilibrium state plasma, this influence is 
negligible, but for cold plasmas or arcs in extinction, 
which are of interest here, this can become important. 
The electrons present at the spontaneous extinction of 
a low current arc have an evaluated kinetic energy 
higher than 40 eV, far from thermal equilibrium. 
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The role of the m etas table state A 3S+ in the excitation mechanism of 
molecular nitrogen. Application to the spontaneous extinction of the low 

current arc. 
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Abstract 
The influence of the metastable state A 3E„ of N2 on the excitation mechanisms is experimentally 
solved by study of the emitted light from the cathodic region during the spontaneous extinction of the 
low current electric arc. A theoretical approach is proposed on the basis of Franck-Condon factors 
and is in agreement with the experimental results. 1 

Introduction 
The cathodic region plays a major role in the self- 
sustaining arc discharge. The low DC current arc 
between metallic electrodes exhibits internal instabil- 
ity, leading to complete extinction. 
The electrical study of this phenomenon in the air at 
atmospheric pressure [1],[2] shows that these arc 
instabilities result in voltage fluctuations and sharp 
rises of the voltage, due to the total extinction of the 
current. 
This electrical phenomena are correlated with an 
intense and brief emission of Nu, OH, Agil and N2, 
and by a decrease of the emission of Ag I coming from 
the region close to the silver cathode. 
A previous spectroscopic study [1],[3] allowed us to 
show the excitation mechanisms of the different 
species. We proposed a detailed analysis of the 
resulting spectra, namely the intensity of the heads of 
the N2 molecular bands. We assume that, at the time 
of the extinction, two groups of electrons exist in the 
plasma : a group of electrons with thermal energy and 
a group of fast electrons ( >40 eV ) emitted by the 
cathode and accelerated in the sheath. This last group 
is involved in the intense light emission from the 
region close to the cathode. 
Here, our attention is focused on the results concern- 

ing the N2 and N2 emission, in particular, the 
intensity of band's heads of the second positive system 
and the first negative system. 
The experimental data are presented using time 
resolved spectroscopy as a investigation means. In a 
second step, the data are compared to the computed 
ones derived from Franck-Condon factors calculations. 
Experimental set-up 
A DC current supply allows the re-ignition of the arc 
by thermal breakdown after an extinction. The circuit 
was described in previous work [1],[2],[3] allows us to 
record numerous observations of extinctions and 
subsequent re-ignitions with external intervention. 
To be analysed, the light emitted by a thin part of the 
arc located at a known distance from the cathode, is 

focused by means of concave mirror on the entrance 
slit of the monochromator followed by a photomulti- 
plier. The trigger of the time sorting of the light pulses 
is taken from the arc voltage fast rising slope dV/dt of 
the long pulses fig.I. The recording appararatus was 
described in a previous studies [1],[2],[3]. 
Experimental results 
We established the histograms of the light emitted in 
the cathodic region for Ag electrodes from 210 nm to 
510 nm by steps of 0.5 nm. 
An interesting phenomenon appears as a short and 
intense light emission coming from the region close to 
the cathode at moment of extinction (channel 80). The 
detailed results of this phenomena are presented in our 
previous works [1],[3]. 
For molecular nitrogen N2, the typical shape of the 
histograms obtained is displayed on fig.2. 
The stationary spectrum [1],[4] shows that the molecu- 
lar bands of the second positive system are perma- 
nently excited. In fact, if we subtract from the histo- 
gram of N2 (k = 295.3 nm for example), the histo- 
gram of very near continuum (X = 299.0 nm), the 
result on fig. 3, shows the existence of an emission of 
molecule nitrogen before the extinction of the arc. The 
light pulse observed at the moment of extinction 
therefore corresponds to a reinforcement of the emis- 
sion of N2. 
At the moment of extinction (channel 80), the re- 
corded spectrum represented on fig.4 , shows that the 
intensity of band's heads is disturbed with respect to 
the structure of the molecular spectrum when the 
population of the excited states C 3I1U and B 2S„ are 

done starting from the fundamental state X 'E* [5]. 

Discussion 
The first electronic excited state A 3E„ of N2 is a 
metastable state, for which the life span for the 
isolated molecule is about 12-13 s [6], [7]. The second 
metastable state is the excited state B 3Ilg for which 

the life span for the isolated molecule is about 2 to 
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8 us. [61. [71. However, at the atmospheric pressure, 
we obtain a quenching effect of this state by collisions 
with the gas species [8]. The life span of such state 
becomes of the order of one nanosecond. On the 
contrary, the metastable state A 3£+ is more stable at 
atmospheric pressure (life span of the order of some 
millisecond) [9]. It results that the radiating levels 

C nu and B I„ are probably populated in cascade 

using the metastable level A 3I^, which requires 
electrons of lower energy. 
Theoretical approach 
The collisional cross sections of transitions 

(A3Z^C3nu) and (A 3E+-> B 2lJ) being 
unknown, we used the method developed by Nicholls 
[10] for the computation of Franck-Condon factors. To 
our knowledge, this calculation was never done, 
because of the non radiating character of this transi- 
tion. The results of such calculation are presented in 
previous paper. 
By the use of Franck-Condon factors, calculated for 
the fundamental state to C 3nu and to B 2I+ states 
transition, we could simulate the spectrum of the 
second positive and the first negative systems. For the 
C nu slate, we assume that populating is starting, 
30% from fundamental and 70% from metastable 

states A 3IJ. For the B 21+ state (75% and 25%, 
respectively). Finally, the spectrum is formed by 60% 
of C 3nu and 40% of B 2E+ as showed on fig. 5 vs. 
fig.4 
Note that this result agrees with our interpretation of 
the experimental results. 

v» + 

fig. 1 short pulses       iongpxihe   ' 

H    »    »    «    »   M    TO   «a   on    MM    ^.wj[ 

N2 (2-0) - Continuum 

fig. 3 

X = 295.3 r 

Ji=^ 

Conclusion 
During the transient which happens just at the extinc- 
tion of a low current arc in air, the nitrogen molecular 
spectra is strongly anomalous, compared to that of the 
steady arc discharge. 
The hypothesis of a cascade excitation mechanism 
using the metastable level A 3E„ and the computa- 
tion of the related Franck-Condon factors, for the 

populations of the excited states C 3I"7U and B 2E+ 
are in agreement with the observed spectrum at the 
moment of extinction. 
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1. Introduction 

Spectral analysis of gliding low frequency glow dis- 
charges in air as the carrier gas, under atmospheric 
and increased pressures up to l.lMPa, may demon- 
strate the utilisability of discharges for ignition of 
various organic mixtures, [1]. 

The present paper concerns the determination of 
vibrational and rotational temperatures and tenta- 
tive determination of the electron temperature of 
parts of the gliding discharge using spectral meth- 
ods. Gliding discharges were excited under atmo- 
spheric and increased pressures at various rates of 
air flow in horn-shaped Cu electrodes, [2]. 

The utilisability of the standard spectral diagnos- 
tic methods depends on the working gas used in 
which a given type of discharge is excited. When 
exciting discharges in air, we may preferably make 
use of the spectral methods elaborated for molecu- 
lar nitrogen iV2 and OH radicals. The abrasion of 
the electrode material permits, under specific physi- 
cal conditions, to employ also atomic spectra for the 
determination of the electron temperature. 

2. Experimental 

Primary very short arc discharges were excited in 
a pressure vessel between horn-shaped Cu electrodes 
according to Fig. 1. The minimum distance of elec- 
trodes was 0.25 to 0.40 mm. This arc discharge was 
blown out by a stream of air from a jet of a dia. of 1 
mm at flow rates of 10 to 70 1/min. The blowing-out 
of the ionised plasma of the arc upwards in between 
the extending horns caused the short arc to change 
into a spark discharge. The plasma of the spark dis- 
charge then faded out in a vague form of coronal 
discharge. 

Having analysed its spectra, we called this type of 
discharge occurring in flowing air the "high-pressure 
glow discharge", [2]. 

The thin and flat discharge area between the horn- 
shaped electrodes is thus filled out with two types of 
discharges. In the narrowest part and immediately 
over it is the region of spark discharges with a high 
intensity of the electric field in the spark channel at 
a high current density. Sparks are excited in each 
half-period of the alternating voltage at a frequency 
of IQQHz. In the extended part of horn-shaped elec- 
trodes, there prevails the plasma of sparks disinte- 
grating into coronal discharge. 

The spectral analysis of the individual parts of 
a discharge under various physical conditions was 

air (0.1-1.2) MPa 

ac(0-2x10<)V 

Figure 1: The pressure vesel and the arrangement 
of horn-shaped Cu electrodes for the excitation of 
gliding glow discharges. 

performed by means of the monochromator Jobin- 
Yvon HR 640. 

The electrical parameters of discharge U, I, cos<p 
were monitored by placing an elctrostatic voltmeter 
and an A.C. ammeter in the secondary circuit of 
leaked transformers of Italian product, 10 000/100 
CM, (prim 230 V/4.8 A; sec 2 x 5000 V/100 mA). 
The primary side contained, in addition to a volt- 
meter and an ammeter, a wattmeter. The cosip in a 
discharges on the secondary side of the transformer 
was determined on accont of minimal heat losses of 
the transformer. 

The electrical parameters U, I and cosy? excited 
discharges are given in Fig. 2. 

3. Measurement 

The vibrational temperature Tvx of the ground elec- 
tron state X £+ of the JV2 molecule was determined 
by means of the "effective" vibrational temperature 
Tvc of the excited electron states C3J13 measured 
from transition C3Eg — B3EU, ( 2nd positive sys- 
tem ). The effective vibrational temperature Tvc 
was calculated by means of the relative intensity of 
heads of vibrational bands of the sequence A» = +2, 
(2-0, 3-1, 4-2), of the N2 band system men- 
tioned above. The determination of Tvc was per- 
formed by the method used in [5]. The transition 
probabilities and corrections on Re(v'v") centroide 
were taken over from [4]. In accord with the paper 
[5] , the vibrational temperature Tvx of the electron 
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No = (A"S »+) Cu 
air fVx\k\ TM\ 

pressure air, flow ~ II /minj airjlow ~ |(/m»nj 

MPa 25 34 48 25 34 48 

0.1 2400 3500 3470 - - - 
0.2 5000 5130 3630 8200 - 8600 

0.3 . - - 9200 8460 9400 

O.S . - - 9050 9300 8870 

0.7 - - - 8600 9400 8830 

0.9 . . - 11050 9900 9950 

1.1 - - - 10400 11100 

Table 1: The vibrational temperatures Tvx 
and electron temperatures TE- 

ground state X'Zf was then determined based on 
the functional dependence of Tvx = fce(Tvc)- 

The rotational temperature TRI of the molecule 
Nz was determined from the relative intensities of 
rotational lines of the fi-branch of the vibrational 
band 0 - 0 of the N2 molecule. The relation of rota- 
tional line intensity and intensity factors publisted 
in [6], [7] were applied in our calculations. 

The rotational temperature TRI of the OH rad- 
ical was determined from the relative intensities of 
the first five rotational lines of branch Qi, of the vi- 
brational band 0 - 0 of the transition A2E+ —► X2E 
of a system of 306.4 nm. The rotation lines with 
the following values of quantum rotation numbers 
of the lower electronic state X2 U are involved : 
J = (3/2, 5/2, 7/2, 9/2, 11/2, 13/2) ~ the "cold 
group" of rotational lines [8]. This rotational tem- 
perature TRI has been corrected according to paper 
[9] to a temperature TRN = TR2(l- 7^*2 )_1 where 
7 = 3.24x 10"5, which is in very good approximation 
with the temperature of neutral gas 7jv < TRN- 

The electron temperature TE was determined by 
means of the relative intensity of the atomic lines of 
Cu of wavelengths A = (521.82, 515.32, 510.55) nm, 
[10]. 

9 

U 8 

(kV)7r 

6 
5 
4 
3 
2 
1 

pimin: 0.7 UP» 
flow: (10-50) I/min 
eo«v* 0.8 

prnsura: 0.1 MPa 
flow:(i-70)t(min 
cos 9*1.0 

90 100 110 120 130 140 
l(mA) 

Figure 2: The V-A characteristic of the discharge 
U = f(I). The flow of air is an independet pa- 
rameter. 

The molecular spectra of N2, N2
+-, and OH were 

recorded only up to a pressure of ((0.3 ~ 0.4)M.Pa 
with varying intensity in various parts of the dis- 
charge. For pressures of (0.5 - l.l)MPa the inten- 
sities of N-z and OH molecular spectra were very 

.., 
K = (c>n*-B°nQ) OH = (A^E+ - x*n) 

air Tni \k\ TRN \.K] 
pressure air. How ~ i/min] air. flov ~ [J/min] 

MPa 25 34 48 25 34 48 
0.1 3080 3060 3080 1140 1290 960 
0.2 4960 4620 4330 1300 890 740 
0.3 5500 5220 4080 1250 810 740 
0.4 5850 5700 4200 - - - 
0.5 - - - - -      1        - 

Table 2: The rotational temperatures TRI 
and TRN. 

weak in the preserved form of discharge and thus 
Cu atomic lines may be used for the TE determina- 
tion only. The temperatures presented in Table 1. 
and Table 2. were measured in the position where 
the light irradiation in the plasma is maximal. The 
measured values of the Tvx, TRI , TRN show that the 
gliding discharge plasma is nonisothermic in the 
whole interval of investigaeted pressures. 
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1. Introduction 

Emission of the CN red (A 2U - X 2£+) and vio- 
let (B 2E+ - X 2E+) systems has been widely ob- 
served in the reaction of active nitrogen with hydro- 
carbons [1, 2, 3] and with partially or fully halo- 
genated hydrocarbons [4]. In these systems elec- 
tronically excited CN is formed preferentially in 
selected vibrational states of the upper electronic 
states (A 2n, B 2£+). Simultaneously the strong 
emission from the lowest CN(B 2E+) vibrational lev- 
els is observed due to the resonance excitation energy 
transfer from the vibrationally excited ground state 
nitrogen molecules [5]. 

2. Experiment 

In our experimental arrangement the flowing plasma 
reactor given in Fig. 1 was used. 
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Figure 1: Plasma reactor and optical diagnostic 
setup 
1: pure nitrogen inlet; 2: studied sample; 3: Pirani 
gauge; 4: cooled part of the reactor; 5: thermocou- 
ple; 6: optical fibre; 7: monochromator Jobin Yvon 
HR 320; 8: optical multichanell analyzer; 9: PC 

Before the start of the observations the reactor has 
been prevacuated to pressure better then 10-3 Pa 
for more then 1 hour and thereafter we purified it 
by plasma combined with heating the reactor walls 
because the heavy hydrocarbon chains it was impos- 
sible to pumped. The polyhydrocarbon sample was 
placed inside the reactor before an active DC dis- 
charge so the desorbed hydrocarbon (flüorocarbon) 
molecules and the fractions of polymeric chains were 

thereafter disintegrated in the active discharge. By 
consequent recombination of C, N, and H atoms elec- 
tronically excited simple radicals as CN and NH were 
created. The emitted spectra were recorded by op- 
tical multichanell analyzer. Due to the fact that in 
our previoused experimental works we observed very 
strong dependence of the CN band intensities on the 
reactor wall temperature at measuring point [6], this 
part of the reactor has been cooled by liquid nitro- 
gen vapour down to 77 K. The effect on the spectra 
is demonstrated in Fig. 2. There it can be seen that 
at low temperature the CN and NO bands can be 
clearly visible though at room temperature they can 
not be resolute. 

NO'   2   POS. 
11-0  0-2 

2   pos. 
2  pos. 

WV;, ;,/r  ITT ,.4' i <;U--300K    V.i      S 

.370 375 
X[nm] 

Figure 2: The spectra obtained at different reactor 
wall temperature with presence of a sample 

3. Results 

An experimental spectrum example of polyethylene 
sample inside the reactor is shown in Fig. 3 in com- 
parison with the spectrum without presence of any 
hydrocarbon inside the reactor. It can be clearly 
seen the strong CN emission at sample presence. 
Due to the fact that both CN bands are overlapped 

by nitrogen 1 negative and 2 positive bands it is 
necessary to study the intensities of CN bands with 
respect to a nonoverlaped nitrogen band. The ni- 

trogen 2n positive 0-2 band could be overlapped 
by one branch of NO** 11-0 band (see Fig.   2) so 
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we chose the nitrogen 2nd positive 1-3 band as a 
referential. 

CN(B-X) A—spectrum with 
0-0       "    PET sample 

spectrum without 
PET sample 

X[nm] 

Figure 3: The spectra with and without presence of 
the PET sample at low wall temperature 

It is clear that the desorbtion from the polymeric 
sample is not constant during the time; the light 
fractions are dominant during the first minutes while 
the heavy molecules are more stable. The time evo- 
lution of the destruction of different materials are 
given in Fig. 4 and 5. 

30.0 40.0 
time [minj 

Figure 4: Intensities of the CN violet 7-7 band re- 

lated to the intensity of nitrogen 2nd positive 1-3 
band for different samples 

20.0 30.0 40.0 
time [min] 

Figure 5: Intensities of the CN violet 0-0 band re- 

lated to the intensity of nitrogen 2nd positive 1-3 
band for different samples 

It can be seen from these figures, that the related 
CN band intensities are quenched nearly exponen- 
tially during the first a few minutes and later they 
are nearly constant. In the case of teflon sample 
the higher initial intensities can be observed prob- 
ably due to the not long enough initial purification 
(before this sample we tested a common gum which 
shows very high disintegration rate). 

4. Conclusion 

The intensities of the CN violet band system (B 2E+ 

- X 2E+) emitted from the cooled part of the flowing 
nitrogen afterglow can be used as a "fingerprint" for 
density determination of the desorbed hydrocarbon 
(fluorocarbon) trace species. The new method of 
chemiluminiscent spectroscopy at low temperatures 
is a relatively simple technique that is inexpensive, 
both in terms of initial expense and operating costs. 
It has detected molecular concentrations of hydro- 
carbons down to 1010 molecules-cm-3. The method 
described can be used for fast determination of the 
desorption rate from solid polymer surfaces. Thus 
it can be applied in the food and packing industry 
as the test of stability of protective polymeric thin 
films on various substrates. 

This work has been supported by Grant Agency 
of Czech Academy of Science, contract No. C 104 
3601. 
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microwave discharge containing Ar-CH4 gas mixture. 

M. J. Cinelli, J. L. Jauberteau, I. Jauberteau, J. Aubreton and A. Catherinot. 
URA 320 CNRS. UER des Sciences, 123 av A. Thomas, 87100 Limoges (France). 

P. Lasgorceix. 
Laboratoire d'Aerothermique du CNRS, 4 ter Route des Gardes, 92190 Meudon (France). 

Expanding plasma can be obtained using different 
types of discharges (dc, ac, Rf,...) [1], [2]. 
It can be used to generate and to carry out simple 
radicals without loss on the reactor wall. So the interest 
of   such   a   plasma    is   both   fundamental    and 
technological. 
The purpose of this work is to study the electron energy 
distribution function (EEDF) in a discharge sustained 
by a surface wave. 

L Experimental setup. 

The experimental setup is schematically shown in 
figure 1. The microwave discharge (surface wave at 
2.45 GHz) is produced within a surface-wave launcher 
connected to the entrance of the stainless steel 
expansion chamber. An Ar-Clfy gas mixture is fed 
through a fused silica tube (external diameter = 24 mm, 
internal diameter = 20 mm) passing through the 
surface-wave launcher. The total pressure is maintained 
constant in the range 1 to 5 Torr using a Roots blower ( 
70-700 m3/hour) which allows a gas drift velocity of 
about 20 to 50 m/s. A stainless steel disk (diameter 60 
mm) is located downstream in the expansion reactor 
and can be moved along the discharge axis. It is 
grounded and is used in order to delimitate sustained 
discharge region. At the end of the expansion, the 
plasma is covering all the disk surface. 
Spatially resolved measurements are performed using 
both simple and double electrostatic probes. Simple 
probes are used to determine the EEDF, which are 
derived from the Druyvesteyn expression [3]. Double 
probes are used to determine both electron temperatures 
and densities. These parameters are deduced from the 
theory given by Johnson and Malter [4]. However, this 
convenient method is more appropriated for 
uncollisional sheath. 
In order to obtain spatially resolved results, an 
horizontal clip with four probes fixed at 10 mm from 
each other is moved vertically along the expansion 
chamber axis, from the exit of the quartz tube (80 mm 
below the discharge center) to a downstream position 
(130 mm below the discharge center). The whole 
region contained between the quartz tube exit and the 
metallic disk can be observed. 

EL Results and discussion. 

Investigation have been performed in order to study the 
plasma propagation conditions in the expansion region 
when plama parameters are changing. 
In a first approximation [5], the wave propagation 
(plasma propagation) is obtained when the electron 
density is larger than a critical value given by the 
condition 

a>p> o.d+ey)1/2 

vl/2 where © and <ap = (ng ez / nig s0)lu are respectively, 
the microwave angular frequency and the electron 
plasma angular frequency. 6y is the relative permittivity 
of the tube wall. 
In our case (co/27i = 2.45 GHz) the plasma propagation 
condition is obtained for rig > ngC = 3.6.10" cm"-*. 
Results show that when this condition is complied, the 
probe signal is undisturbed and the EEDF deduced 
from the probe characteristic curves (I=f(V)) is 
generally quite well described using a Maxwell 
distribution function (see figure II). However, when the 
electron density is lower than ngC, the probe signal is 
very noisy and also strongly decreasing. The EEDF is 
now corresponding to high energy electrons and cannot 
be described using a Maxwell distribution function. 
Consequently, the electron temperature and density 
measured using a classic method [4] are not available 
in this case. 
Figure III shows the change in EEDF with increasing 
% CH4 mixed to Ar. The total pressure is kept constant 
and equal to 2 Torr and the microwave power is fixed 
to 300 Watt. Measurements are performed at 120 mm 
downstream below the discharge center. For a low % 
CH4, the EEDF can be described using a Maxwell 
distribution function. The mean electron energy is low ( 
lower than 0.3 eV) and decreases with increasing % 
CH4, because of inelastic collisions between electrons 
and methane molecules. When the % CH4 is larger 
than 0.6%, the EEDF is strongly disturbed and cannot 
be described using a Maxwell distribution function. 
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Figure 1: Experimental setup. 

Figure 2 : EEDF measured in a pure argon plasma 
expansion (1 Torr, 180 Watt); The distribution function 
can be described (in a fisrt approximation) using a 
Maxwell distribution with Te=0.91 eV (smooth curve). 
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Figure 3 : EEDF measured in an Ar-CH.4 gas mixture 
(2 Torr, 300 Watt), versus % CH4. 
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1. Introduction 

The probe temperature is considered to reflect the 
plasma parameters such as electron temperature, 
plasma density and plasma potential because the probe 
in the plasma collects or emits the electrons, which 
transport their kinetic energy to the probe, depending 
on the probe bias potential. This permits to measure the 
plasma parameters from the probe temperature. 

In the present paper, we will propose to adopt the 
probe temperature to determine the plasma potential 
and electron temperature. The main advantage of the 
present method is the reduction of the disturbance 
caused by the displacement current which flows into the 
probe together with the conduction current in RF 
discharge plasmas. To confirm the possibility of this 
method, the numerical calculation of the probe 
temperature is carried out by solving the equation of the 
heat conduction as a function of probe bias voltage. As a 
result, it is clarified that the probe can be heated by 
electron bombardment in the plasma with the density 
higher than 10" cm'3 up to enough high temperature to 
emit thermionic electron from the probe and that there 
exist two abrupt changes in the probe temperature with 
respect to the probe bias voltage. It is concluded that the 
probe temperature measurement will provide the 
reliable data concerned with electron temperature. 
density and plasma potential in the plasma. 

2. Calculation of the probe temperature 

2.1 Fundamental equation 
The temperature of the probe in the plasma is 

governed by the well-known equation of the heat 
conduction. In the present calculation, the heat 
convection loss is neglected because the plasma is 
assumed to be excited at the pressure lower than a few 
Torr. Since the probe is immersed into the high density 
plasma, the probe will be able to be heated by the 
electron bombardment to such a high temperature that 
the electronic cooling will dominate over the other loss 
processes like radiation and heat conduction losses. 

As for the power gain that the probe will obtain 
from the plasma, the electron and ion bombardment are 
taken into account as follows: 
a ) in the case that the probe potential Vb is 

higher than the plasma potential Vr. electrons will be 
collected by the probe together with ■ kinetic and 
potential energies. Thus, the probe obtains the power 

presented by JSS( Vb - Vp + 4> + * IJt), where Js is 
the electron saturation current density, S is the probe 
surface, <t> is the work function of probe material, Te is 
the electron temperature, K is Boltzmann constant 
and e is the electronic charge. 
in the opposite case of a), i.e., Vb < Vp, the 
bombardment heating by the ion, expressed by J;S( U - 
Vb + Vp- 4> + K T/e ) should be considered in the 
calculation in addition to that by the electron, modified 
by multiplying Boltzmann factor exp{e( Vb-Vp)/ K Te}, 
where J; is the ion saturation current, U is the 
ionization potential of the atom of the gas species and T; 
is the ion temperature. 

2.2 Numerical calculation and results 
The equation of heat conduction in the steady 

state has been numerically calculated by Newton- 
Raphson method under the following assumption. 
1) the electrons reaching on the probe surface from the 
plasma are perfectly absorbed into the probe. 
2) the ions coming on the probe recombine with the 
electrons inside the probe material. 
3) thermionic electrons are not depressed to emit from 
the probe surface by the plasma potential around the 
probe. 
4) collisions of electrons in the probe sheath are 
neglected. 

The numerical calculation are carried out for the 
probe of 5 mm in diameter and 0.1 mm in thickness and 
a Cu lead wire of 0.5 mm in diameter and 20 cm in 
length, assuming the emissivity of the probe made of 
thoriated tungsten of 0.6. 

In Fig.l, the relation between the probe 
temperature T and Vb-Vp for Te of 5.0 eV is shown as a 
function of the plasma density n. It is found that there 
exist two steps in the curve with Vb increasing, i.e., one 
is Vb-Vp = -5 V and the other is Vb-Vp = 0 V. The first 
step in the curve is originated by the remarkable change 
of the power which the electrons in the plasma with Te > 
5.0 eV carry to the probe, while the second step is 
caused by the electronic cooling. The heights of both 
steps increase with n increasing and <f> decreasing 
since the amount of power transported to the probe by 
the electrons in the plasma is proportional to n. 
Therefore, it is possible to determine the plasma 
potential, electron temperature and density by 
measuring T-Vb characteristics. 

As a matter of fact, the unnatural discontinuous 
changes in the T-Vb curve will be relaxed by the 
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fluctuation of the space potential in the plasma. The 
slope in the curve around the steps may. give the 
information of the plasma potential fluctuations. 

By the way. the conventional emissive probe is 
heated by external power to enough high temperature to 
emit the thermionic electrons. To compare it with the 
present method, the effect of external probe heating on 
the T-Vb curve has been examined. As shown in Fig.2. 
the first step becomes obscure, while the second step 
becomes clearer, when the external power to the probe P 
increases. These mean that the conventional emissive 
probe is limited to the measurement of the plasma 
potential. 

Finally, the amount of thermionic electron 
density is estimated to discuss the effect of space 
potential caused by themselves, which may prevent the 

thermionic electron emission. The thermionic electron 
density is around 1013 cm"3 at the maximum, which is 
one order higher than the plasma density. However it is 
considered that most thermionic electron will be 
immediately recombined with ions because of the small 
size of the probe. Thus, the negative space potential 
created by the thermionic electron will not seriously 
affect on T-Vk curve. 

In conclusion, the emissive probe made of the low 
work function material can be a simple and promising 
tool for the plasma parameter measurement, if it is 
applied in the plasma with a high density. The main 
advantage of the present method exists in fact that the 
probe temperature measurement is not disturbed by RF 
electric field as much as the probe current 
measurement. 

4000 

3000 
I- 
<u 

CO a. 
£ 
CD 
\- 
<D 

o 

2000 

1000 

—i : 1 1 1 

0 =2.6eV 
—-n=1012crrr3 

 n=l011 cm"3 

— n=1010cm-3 

Te=5.0x104[K] 

Pi 0-8 -6 -4 -2   0    2    4    '6    8   10 
Probe Voltage Vb-Vp [V] 

4000 

t- 3000 
<D 
i_ 
3 
cö 

8. 2000 
E 
CD 
H 
CD 

2 10001- 
0_ 

0. 

- ■   1       1 

<t> =2.6 
'  n = 10 
_Te=5.0x 

i     i 

eV 
2 cm"3 

104[K] 

I c      i        i        i 

- — P = 100[W/cm2J. 
-— P = 20 [W/cm2] 

i     i < i        i        i        i 

10-8 -6-4-2   0    2    4    6    8   10 

Probe Voltage Vb-Vp [V] 

Fig. 1 Probe temperature T versus probe voltage V|,-V,, 
as a function of plasma density n. Probe si/.c is 5 mm in 
diameter and 0.1 mm in thickness. 

Fig.2 Probe temperature T versus probe voltage Vb-Vp 

as a function of external input power for probe heating. 
Probe size is same as in Fig. 1. 
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Influence of the retarding potential of a collector and parameters of a plasma 
flow on the deposition of accelerated isotope ion component for ICR-separation 

method 
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Kurchatov Institute Russian Research Centre, Moscow, 123182 Russia 

1.Introduction 

The influence of the retarding potential of collector 
and plasma flow parameters on extracting of the 
accelerated ion component in ICR-isotope separation 
method is considered. The idea of ICR-method is 
based on the isotopically selective resonant 
acceleration of ions of a target isotope in plasma flow 
with the help of the special RF-antenna (2) (Fig.l) at 
presence of the homogeneous 

Plaeaa tlov^.^ __ ^ 

-"    To   RF 
g*nara*tor 

Fig.l. Principal scheme of separation. 

longitudinal magnetic field, created by coils (1) [1]. 
The separation of the accelerated ions (7) from cold 
ions (6) can be achieved by means of the specific 
collectors of "heated" particles (3), which consist of 
plates placed parallel to both the magnetic field and 
the longitudinal plasma flow [2]. 

2. Method of calculation 

In [3] the technique of calculation of ion flows on 
collecting plates was offered. The transverse-energy 
distribution functions of particles were calculated 
first, then the ion flows onto the collector were 
numerical integrated over longitudinal (vz) and 
transverse (v j.) (with respect to the magnetic field) 
velocities and also over the transverse coordinates of 
ion guiding centres y0 in the plane of the forward 
screen of the collector (4). The plate (5) is used for 
extraction of the waste. In [4] this technique was 
modified in such a manner that originally it were 
defined the ion effective temperatures and then the 
flows were calculated. Besides, unlike [3], the 
analytic determination of the allowable range of ion 
guiding centre coordinates y0 was made.. In the given 
work the influence of the positive retarding potential 

U is taken into account on the extraction of accelerated 
ions from the plasma flow for the isotope mixture and 
case of "shifted" longitudinal velocity distribution 
functions is considered. The value of the ion flow on a 
collector j is calculated by integration over allowable 
range of particle velocities and over guiding centre 
coordinates of ions 

J = \f<»cvLdvi<hIdy», (1) 
where coc is the ion cyclotron frequency. 

The calculations were carried out for the next 
parameters of ICR-installation: the natural 6 Li -7Li 
isotope mixture with the initial concentration Co=0.08; 
the magnetic induction is Bz=0.25 T; electric-field 
amplitude in the bulk plasma is E0=54 V/m; the 
heating system length L is 0.8 m; the wave-length of 
RF-field is 0.8 m, the initial ion temperatures Ti.0 and 
T| |o are 5 eV and 10 eV, accordingly. 

3. Results and discussion 

Fig. 2 shows the dimensionless flow of6Li + ions j/j0 

versus longitudinal coordinate z for the various 
retarding potentials U. 

5.00 12.00 
z,mm 

Fig. 2. Dimensionless ion flow j/j0 versus longitudinal 
coordinate z (in millimeters) for various retarding 
potentials U: 1 - U=0; 2 - U=10V; 3 - U=20V; 4 - 
U=40V. The dashes line - evaluation of work [3]. 
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The calculation dependences agree with experimental 
results [5,6]. 
Fig. 3 shows average on the length 15 mm of the 
lighter isotope concentration versus retarding 
potential U. 

0.60  -. 

0.00 10.00 20.00 30.00 40.00 50.00 
u,v 

Fig.3. The concentration of 6Li C versus the 
retarding potential U. 

It was supposed above, that the longitudinal -velocity 
distribution function is Maxwellian and there are not 
enough ions, moving in the opposite direction to a 
source. In a real source due to of possible action of 
acceleration mechanisms the most approached 
in practical situation is the "shifted" Maxwellian 
distribution [2]. 
Fig.4 shows the z-coordinate profiles of the ratio j/j0 

for various "longitudinal"temperatures. 

j/jo 

o.oo 4-1 
8.00 12.00 

z,   mm 
16.00 

Fig. 4 The dimensionless ion flow j/j0 versus the 
longitudinal coordinate z at various values of the 
parameter T| |/T110 for shift parameter v0=104m/c.(l 
T||/T||„=l;2-T||/T||o=0.25;3-Tt|/T||o=0.1). 

T| |/T| |o=l and various v0:. 1 - v0=104 m/c; 2- 
v0=2500 m/c; 3 - v0=0. 

i/jo 

0.20 - 

0.00 
8.00 

z.mrm 
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Fig. 5. Dimensionless ion flows j/j0 versus longitudinal 
coordinate z for various v0. 
( 1 - v0=104 m/c; 2- v0=2500 m/c; 3 - v0=0) 
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Figure 5 shows z-coordinate dependences for the 
flow of 6Li+ ions onto the collecting plate for 
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1. Introduction 

The knowledge about the radial temperature 
distribution in high pressure discharge lamps is of great 
importance for the physical understanding of this 
discharge type. It is for example necessary for the 
calculation of particle density distributions, the 
radiative transfer as well as the radiation output. 
This paper presents two independent methods for the 
determination of temperature distributions in such 
discharges. 

2. Experimental methods 

2.1 Emission spectroscopy 

Frequently the temperature profile is spectroscopically 
determined from the absolute measurement of the 
spectral emission coefficient of the optically thin 
mercury lines at 577/579 nm. Assuming local 
thermodynamic equilibrium (LTE) the emission 
coefficient reads: 

sik = 4n 
— g i A .,  -2. exp 
X     '    ,k  kT 

-E 

ykBT. 

h - Planck's constant, T- temperature, g,, Aik, E, - 
statistical weight, transition probability, excitation 
energy of the upper level, p0 - pressure, kB - Boltzmann 
constant, c - velocity of light, X - wavelength. 

Besides the atomic data, information about the pressure 
is essential to determine eik . The information is 
received by a laser interference method. Finally, if the 
pressure is known the temperature is calculated by an 
iterative procedure from the emission coefficient of the 
lines at 577/579 nm [1]. 

2.2 Hook method 

The hook method is an interferometric measurement of 
absolute population densities of excited atoms and 
atoms in the ground state. The physical background of 
this method is the interferometric measurement of the 
anomalous dispersion in the vicinity of an absorption 
line, that causes a rapid change of the refractive index. 
In this region distortions in the interference fringes 

occur. They form the so-called hooks. The wavelength 
distance A between these hooks (from minimum to 
maximum) at the absorption wavelength XQ depends on 
the population density and has to be measured. 
The population density of the lower level is given by: 

nk 
nKA2 

r0 - classical electron radius, / - absorption length, fik - 
oscillator strength, K - hook constant. 

A more detailed description is given in [2]. 

Hg-lamp 
dummy ^ 

grating 

Fig. 1 Experimental set-up, BS - beamsplitter, L 
M - mirror, CP - compensating plate 

lens, 
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By measuring the population densities of the ground 
(n0) and metastable (nk) states and using the Boltzmann 
formula we can calculate the temperature distribution: 

k 

no 0) 8k 
-i-i 

nk{r)Q 
Q - partition function. 

2.3 Experiment 

The experiments were performed in two different 
discharge systems: mercury and mercury-iodide arcs. 
Figure 1 shows the experimental set-up. In the centre 
the observed mercury discharge is seen which was 
operated with 50 Hz and a power of 240 W. The lamps 
consist of quartz and have a diameter of 18 mm. 
The radiation of the lamp was imaged to a 
spectrograph with a gated CCD-array as detector. In 
both cases from the recorded side-on intensity 
distribution of the optically thin Hg lines at 577/579 
nm eit was determined carrying out an Abel inversion. 
The main part of the arrangement consists of an Mach- 
Zehnder interferometer and a dye laser as a 
background light source. The discharge lamp can be 
moved in radial direction via a translation element to 
investigate different zones of the discharge. 
For the determination of the density of mercury atoms 

in the ground state the transition 63P! - 6's0 (X. = 254 
nm) is used. A BBO II crystal is applied to create 
radiation in the UV-region at 254 nm. 

The population densities nk(r) in the metastable 63P2 

and 6 PQ levels of mercury are measured as a function 

' scanned in 0.2 nm steps 

250.5 >. [nm] 256.5 

Fig. 2: Typical interferogram close to the 254 nm 
absorption line in a mercury high pressure lamp at 
240W. 

of the radius and the discharge current. That can be 
done using the Hg transitions at 7JS, - 63P: at 546 nm 
as well as the 73S, - 63P„ at 405 nm. 
The whole interferogram is achieved in scanning the 
line profile in steps of 0.2 nm width (see fig. 2). 

3. Results 

From the uv measurement we got a radial averaged 

density of the ground state n0 = 6.1*10l8cm"3 for the 
Hg  lamp,  which   is   in  good  agreement  with  the 

calculated value of 7.l*10l8cm"3 from the zik 

measurements. 
Fig. 3 shows the results of the temperature measure- 
ments of the Hg and Hgl2 discharges obtained for the 
two applied methods. The circles (Hgl2) and the 
squares (Hg) stand for the hook method and the full 
(Hgl2) and the dashed line (Hg) for the emission 
method. It can be seen that the curves of both methods 
agree quite well concerning the absolute values as well 
as the shape of the temperature profiles. The measured 
temperatures in the discharge axis are between 6000 
and 7000 K. They differ for both discharges in their 
height as well as in their shape. The discharge 
containing iodides is more constricted but has a higher 
temperature in the axis. The temperature profile of the 
pure mercury discharge is flatter than that with iodide. 
That's why this arc is a bit more extended to the wall 
and can be observed closer to the wall. 

Fig. 3: Plasma temperature of Hg and Hgl, arcs versus 
the reduced radius. The lines refer to the emission 
measurements and the points to the hook method. 

[1] G. Hartel, H. Schopp, J. Phys. D: Appl. Phys. 29 
(1996), 2881 
[2] E. Kindel, C. Schimke, Contrib. Plasma. Phvs. 36 
(1996)6,711 
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RADIATIVE SPECTRUM OF HYDROGEN IN THE 
NONEQUILIBRIUM GAS-DISCHARGE PLASMAS AND ITS 

APPLICATION FOR GAS TEMPERATÜRE DETERMINATION 

A.V.Chebotarev, LA.Kossyi, D.K.Otorbaev*, V,P.Silakov 
General Physics Institute of Russian Academy of Sciences, Moscow, 117942, Vavüov Str. 38, 
* Eindhoven University of Technology, Eindhoven, Netherlands. 

The possibility for direct measurements 
of the gas temperature by recording the 
radiation spectrum of the atomic lines is of 
considerable interest for studying fast 
nonequilibrium discharges in dense gases. This 
possibility arises owing to the fact that very 
efficient inelastic interactions' involving highly 
excited atoms lead to the equalization of the 
temperatures for the distribution function of the 
electronically excited atoms at upper levels. In 
the case of two-temperature plasma, the 
problem of whether it is possible to identify the 
temperature for the corresponding distribution 
function is questionable and requires additional 
investigations, because both light and heavy 
plasma components take part in the formation 
of the distribution function of the excited atoms. 
Estimates show that, in a hydrogen, plasma, 
inelastic interactions between excited atoms and 
heavy plasma particles can occur as efficiently as 
those between excited atoms and background 
electrons. In this connection, using a hydrogen 
plasma as an example, we consider the effect of 
inelastic collisions of the excited hydrogen atoms 
with electrons, atoms and molecules on the 
formation of the distribution function of 
electronically excited H(n) atoms. 

For this purpose we use the kinetic 
scheme have been described in [1] for the 
plasma-chemical processes occurring in a 
nonequilibrium discharge in hydrogen. In order 
to find distribution function of the electronically 
excited H(n) atoms.we use a set of balance 
equations in which wc take into account cascade 
radiative transitions, inelastic collisions of the 
excited hydrogen atoms with electrons, H2 
molecules and hydrogen atoms H(n=l) in the 
ground electron state, the ionization of the 
excited hydrogen atoms by electron impact and 
the processes of the excitation of H(n) levels 
through reactions of three-particle 
recombination of H* ions and of 
photorecombination and dissociative 
recombination of H:+ and rb+ ions. • We took 
into account 25 levels of a hydrogen atom. 

We have analyzed the effect of the 
quenching of the excited levels of hydrogen 
atoms by heavy plasma particles on the 
distribution function of H(n) in a purely atomic 
system in the post-discharge period. This 
situation was studied by de Graaf in [2], where 
the absolute concentrations of the excited H(n) 
atoms in the atomic flux of a recombinative 
plasma were measured by recording the 
radiation from the Balmer series of atomic 
hydrogen lines. It was noted that, in some cases, 
the effective temperature for the distribution of 
the H(n) atoms (calculated from the slope angle 
of the distribution function for n > 8) can differ 
substantially from the electron temperature 
obtained by Langmuir probe. 

In order to identify the mechanisms for 
the formation of the distribution of H(n) atoms 
whose effective temperature Terr differs markedly 
from the electron temperature, we calculated the 
quasisteady distribution function of the excited 
H(n) atoms by using the "atomic" model (model 
which incorporates as a heavy particles only 
atoms). 

In calculations the unknown values of 
the gas temperature, the concentration of heavy 
particles n<H(n=i>> and the electron concentration 
were varied in a wide range. A comparison 
between the calculated and experimental 
dependencies of the population of electronically 
excited levels of hydrogen atoms is made in 
Fig.l, in which H(n)/gn are plotted as a function 
of Em (where Em and gn are, respectively, the 
ionization energy and the statistical weight 
factor of the atomic level with quantum number 
n). In this case, the measured temperature and 
concentration of the electrons were Te = 0,31 eV 
andne=2,8.1012cm-3 

The best agreement between the 
calculated and experimental distribution of H(n) 
atoms at n = 3,....,I3 levels was obtained for Tg 

= 850 K, nH = 3,42.10" cm3 and ne = 4,3.10*2 
cm-3. In this case, the effective temperatures for 
the both distributions at n = 8-13 levels are the 
same (0,1 eV) and are lower than the electron 
temperature by a factor of three. 
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The effective temperature for the 
calculated distribution, of H(n) atoms is T«<r = Tg 
because the excitation and quenching of 
hydrogen atoms at levels higher then n=6 are 
primarily governed by their collisions with heavy 
particles. 

Analysis of the mechanisms for the 
formation of the distribution function of excited 
hydrogen atoms allows us to draw a conclusion 
that the proposed method of measuring the 
temperature from the radiation spectrum of the 
atomic lines of hydrogen atoms can be used in a 
fairly wide ranges of the gas temperatures and of 
the electron concentration. 

This work was supported by tNTAS 
(Project INTAS-94-2922), by the Russian 
Foundation for Fundamental Investigations 
(Project No 96-02-16419) and NATO (NATO 
HTECH.LG 951514). 
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Fig.l. 
Population of the excited states of hydrogen 
atom: ■ - experimental data [2]; • - results of 
calculations    made    in   the    framework    of 
"atomic" model with taking into account of the 
inelastic collisions of excited atoms with heavy 
particles for m = 3,42.10» cm-3, Tg = 850K, 
T« - 03 eV and tu = 4,3.10'2 cm* -ft-   . the 
similar calculations made without taking into 
account   of  inelastic   collisions   with   heavy 
particles. J 
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A diagnostics laser apparatus for investigation of plasma in a wide range of 
electron densities 

O.A. Bashutin, E.D. Vovchenko, V.A. Kurnaev, A.S. Savjolov, and Lee Zh. H. 
Department of Plasma Physics,   Moscow State Engineering and Physics Institute 

115409, Moscow, Russia 

Results of a work on development of laser 
diagnostics complex for plasma investigation in wide 
range of electron densities are presented. Diagnostics 
apparatus consists of two laser units with the ratio 
between the laser wavelengths «10. They can be used 
independently or simultaneously. 

1. Infrared He-Ne laser interferometer 

For investigation of low density plasma or a 
lowdensity part of ingomogeneous plasma we have 
succesfully used an interferometer based on He-Ne 
laser with soft competition of two normal axial 
orthogonal modes of the resonator with 
homogeneous line of amplification (Xi=3.39 um). 
It's main merits are: linearity of the working part of 
the apparatus function and possibility of control of 
the sensitivity of measurements with the factor of 
102 without replacement and readjusting of optical 
elements. The schematic diagram of the two-mode 
interferometer is presented in fig. 1. Its resonator is 
formed by the mirrors Mi and M2. Between them 
there are placed an active element with He-Ne 
mixture, a phase anisotropy element K and the 
investigated plasma. One of the competition modes 
is selected by the polarized Pi and radiation of this 
mode is registrated by the photodetector Di. Plasma 
inside the resonator M1M2 having linear electron 
density NJ causes proportional changing of the 
optic length of the resonator A(nL) and changing of 
the electric signal on the detector Di that equals AV 
(where n is refractive index and L is distance 
between mirrors Mi and M2). In regime of soft two- 
mode competition Nel = k-AV. Coefficient k 
depends on resonator phase anisotropy, that can be 
changed using two wedges ( K in fig. 1). 
Improvement of the interferometer was made to 
enhance the measurement sensitivity and to make 
the control of the device characteristics more 
convenient. To protect the resonator M1M2 from 
influences of outer factors, the regulation system of 
its length L based on highly stabilized visible He-Ne 
laser (^2=0,63 um) was developed. Red radiation 
reflected back from the resonator M1M2 is 
registrated by the photodetector D2, voltage signal 
is amplified and applied to piezocorrector that 
changes L. The feature of this system is in frequency 
modulation of reference radiation with the wave 
length X.2. To decrease the level of the gas discharge 
tube noise of the infrared laser, simultaneous 
exitation of its active media by direct current and 
UHF-radiation with frequency ~360 MHz was used. 
The noise level of the output laser radiation was 

decreased by the factor of 102 and the radiation 
intensity was increased by 30%. Change of laser 
interferometer sensitivity is connected with change 
of resonator phase anisotropy. The later is usually 
achieved either by mutual rotation of two quarter- 
wave phase plates (placed between M1M2) around 
their own axis or by mutual transportation of two 
phase wedges. The phase-anisotropy remote 
controlled element based on electro-optical crystal 
made of LiNbC>3 has been proposed and developed 
for these experiments. An general ellipsoid of 
refractive indexes of this crystal in major rectangular 
coordinate system is defined by an equation of the 
form: .,. 

aw(x2+y2) + U30Z2 = 1, 
where fl,y - polarization constants (optic axis lies in 
axis Z). There are three alternative of mutual 
orientation of axis Z, electric field strength E and 
laser axis, when major ellipsoid axis are not swung 
by electric field. One of them was choosen in the 
way that the crystal optic axis and the optical laser 
axis were aligned, but the electric field was 
perpendicular to both of the axis. In this case the 
equation reduces to the following form: 

(aio- r22E)x2 + (aio + rnE)y2 + asoz2 = /, 
where r22 - linear electro-optical affect coefficients. 

As we can see an anisotropy is not introduced in the 
resonator if the electric field E = 0. The dependence 
of the frequency splitting of own axial resonator 
mode on the electric strength is described of 
expression: 

v/2 = ( cd/LX )ito3r22E, 
where d- crystal length in direction of optic axis and 
n0 - refractive index of crystal for 0-wave. 

'|»M       I    «]        pl    "t    " * ;o=^-Hi«^ 
Pa     *,.« 

\   8   1 EEig 
D«.i"l»> 

** 

Fig. 1. The schematic diagram of the two-mode laser 
interferometer 
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Voltage variation between 0 - 1,5 kV lead to 
variation of sensitivity within the factor of 40 for the 
crystal used. The value Nelmin = 1012 era2 was 
achieved using a two-mode laser interferometer. We 
can note that the two-mode laser can be used as a 
two-frequency source of radiation for various 
interferometer types with controlled difference of 
the two frequencies in the interval of ~ 100 MHz. 

2. Ultraviolet pulse diagnostics 

Along with infrared diagnostics we discuss some re- 
sults dealt with application of ultraviolet nitrogen 
laser (337 nm) for investigation of rapidly 
changing dense plasma. Such laser apparatus 
with eith?r    Mach-Zehnder or Bates 
interferometers is able to measure plasma 
electron densities in the range Ne = 10'MO21 cmJ. 
However, only shearing interferometer system is 
promising for investigation of nonhomogeneous 
plasma with the electron densities higher than 1019 

cm3. As early as in 1990, we developed a 
diagnostic TEA N'i laser and investigated its 
performance. Then, this laser was used in our 
experiments as a light source with the subnanose- 
cond pulse width [1.2]. Its design is simple as well 
as inexpensive and especially useful for multichan- 
nel apparatus. TEA Ni laser consists of a low 
impedence Blumlein pulse generator and transverse 
HV-discharge system. Some efforts were made to 
improve efficiency of the laser. For this purpose 
physics of formation of nanosecond glow discharge 
in TEA N; laser was investigated [?•}. We obtained 
experimental data about the regimes of transition 
between spark and glow discharge as well as about 
dependence of the laser output on the 
overvoltage between the electrodes. As a matter of 
fact, fast risetime of the discharge circuit leads to 
increase in Ne and this is the main factor which 
determines the efficiency. In previous nitrogen 
laser designs electrodes were made of copper or 
brass. However, in order to achieve the maximum 
power at a given cavity length and overvoltage, 
we tested various electrode materials and 
modificated the cathode discharge surface by 
plasma technology.Use of this cathode with large 
electron emissiviti led to two-fold increase in power. 
Also we investigated post - breakdown prosesses 
which conditioned the highest repetition rates. 
Results of behavior of the N? atmospheric pressure 
discharge at its late stages as well as gas 
movement at the stage when the discharge current is 
over were obtained using shadow photography. 
Fis. 2 illustrates fhese results. 

Shock formation (7=1,6 jis) Turbulent cooling (T=74JJS) 

Fig. 2 Imaging of post-breakdown processes in TEA 
nitrogen laser. 
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Electron density and Electron Distribution Function measurements in Copper 
Vapour Laser 

L. GIGANT, P. LEMAIRE, J. MAURY 
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Departement des Technologies de rEnrichissement 
Service Laser et Chimie 
CEA Pierrelatte 
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We have done high resolution electron density and electron temperature time variations during the discharge period 
in a Copper Vapour Laser. These measurements are based upon spectroscopic diagnostics and results obtained are 
one of the keys to understanding the electrodynamic behaviour of this kind of lasers. 

Copper Vapor Lasers, mainly used in S.I.L.V.A. 
(Atomic Vapor Laser Isotope Separation) have been 
often studied. But a deep hole in their knowledge comes 
from a lack of plasma state variables set, as electronic 
density and electronic temperature, with enough 
temporal resolution. At the power level reached yet [1], 
performance improvement needs to manage electronic 
energy at any times during the discharge period. As far 
as we know, this paper presents the first temporal 
results related to plasma parameters direct 
characterization in the discharge period with high time 
resolution. 
Electronic temperature and density on axis are 
measured from incoherent Thomson scattering [2]. The 
attractiveness of this diagnostic derives from two main 
features. First, it is, a non perturbing method, requiring 
only an access to the plasma radiation. Second, it offers 
the potential of determining detailed information about 
the component of the Electron Distribution Function 
(EDF) on the laser axis and sometimes even on the ions 
too. These advantages are sufficient to forget the fact 
that the measurements are generally very difficult to 
perform mainly because the scattered light intensity is 
so low, more than ten orders magnitude smaller than 
the incident laser power. 
Ionic density is measured from Stark broadening of the 
Balmer emission lines of atomic hydrogen on the 
quasistatic approximation [3]. This method has already 
be applied in time integrated measurements or with 
poor resolution [4] but never with the time resolution 
we have brought into operation in the discharge period. 
The results obtained by these two methods will be 
successively presented. 

1 : Thomson backscattering 

The C.V.L. is a 20 W, 42 mm bore commercially 
available triggered at a pulse repetition frequency of 
6000 Hz, for a buffer gas pressure of 25 mbars. 
Electrical circuit is a classical resonant one. The 
injected Q-switched Nd: YAG laser delivers 0.5 J at 532 
nm at a 20 Hz repetition rate. The optical pulse 
duration is about 7 ns full width at half maximum 
(FWHM) which is naturally the time resolution and this 
allows us to use a lidar set up. For this reason, the 

C.V.L. was lengthened by 1 m to prevent window 
diffusion of the YAG probe. The scatered light at 180° 
is then carried in a Faraday cage by successive imagery 
to prevent electromagnetic noise, dispersed in a double 
monochromator for high rejection rate and analysed by 
a low noise, high dynamic Princeton Instrument C.C.D. 
camera. The camera is driven by a controller which 
operates the intensification during 10 ns for limiting 
noise. Figure 1 presents results of the electronic 
temperature during the discharge period of the C.V.L 
extracted from the EDF analysis. We give two 
temperature for each time step relating to the two wings 
of the scattered light of the incident YAG beam. Those 
results are compared with Boltzman equation resolution 
and Maxwell EDF numerical calculations [5]. The time 
t=0 corresponds to the maximum of the green laser 
fluorescence. 

Te (eV) 

-200        -100 100 200 300 400 
t(ns) 

500 

Figure 1: Time resolved electronic temperature 

Measurements show good correlations with Boltzmann 
calculations excepted before the time origin (t = 0). The 
EDF is not maxwellian during that first period of time 
in a C.V.L. The temperature of the main part of the 
EDF grows up about 2 eV and radiative emissions show 
that a lot of copper states of high energy are involved. 
A further paper in preparation will describe the EDF 
behaviour and the importance of the high lying levels 
during that first period. Then, electronic energy reach 4 
eV with a maxwellian EDF and upper laser state are 
populated. After lasing, this temperature falls rapidly at 
about 1 eV and reaches gas temperature after 10 us as 
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already mentionned [6]. 
Electronic density (Ne) deduced from EDF integration 
over all energies is presented on figure 2 in arbitrary 
units. 

500 t(ns) 

Figure 2 : Time resolved electronic density on the 
tube axis. 

2 : Quasistatic Stark broadening of 
hydrogen Balmer lines 

The light emitted from the C.V.L. is focused onto a set 
of 14 optical fibers of different length to discretise 
precisely (for derivative analysis) the time resolved 
acquisition and again is carried in the Faraday cage. 
The detection set up is the same as for Thomson 
scattering. The radial translation of the fibers bundle, 
statistically arranged on the front of the laser and after 
two diaphragms, allows the measurements of Ni for 
three independant radial positions (one only is used 
here). More than 2500 spectra were handly analysed to 
verifie the good reproductibility and to obtain a 
temporal resolution smaller than 5 ns. 
Figure 3 shows results on ion density measurements for 
Hs spectra in the discharge period. 

400       500       600 t(hs) 

Figure 3 : Ionic density determined from H8 (410.2 
nm) broadening on the tube axis. The three 
differents points represent three successive 
acquisitions. 

In a first step, from Hp width measurements we have 
verified that Hg was not reabsorbed by the plasma. In a 
second step, by a fit at t = -200 ns (late post-discharge) 
of both Ne and Ni (Figures 2 and 3), we have verified 
that space charge, negative ions and multicharged ions 
densities are less than a few 1013 cm"3 and confirmed 
the drop at 350 ns (figure 4). 
After this verifications, we can conclude ,to a singular 
behaviour of the electronic density. Firstly, the density 

is already high 2.1013 cm'3 in the begining of the 
discharge period and the plasma is highly conductive. 
Then electron density behaviour at t less or equal to 0 
(the arrow) shows a strong copper ionisation by a factor 
of 2. 
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Figure 4 : Ionic density (circles) on the tube axis 
deduced from Stark broadening and comparaison 
with electronic density (squares) obtained from 
Thomson scattering. 

The Ne drop between 200 and 300 ns is not due to 
neither three body nor radiative recombination nor ions 
and electrons transportation, but for us, it seems to be 
attributed to autoionizing states kinetic through 
dielectronic recombination (capture) combined with 
trapping, ion levels and stepwise ionization. By 
introduction of the 3d94p2 [7] state in a kinetic code [8] 
it is possible to confirm a Ne 50 % drop at that time. 

3: Conclusion 

Ionic density, electronic density and electronic 
temperature are measured in the discharge period in a 
C.V.L with high temporal resolution lower than 7 ns. 
Results on density measured by Stark broadening were 
confirmed by Thomson scattering. No measurable space 
charge is observed, and it is the same for negative ions 
or positively multicharged one. Results on EDF show 
from row data a non maxwellian EDF during the period 
proceeding laser emission. The main way for excited 
ions recombination seems to be dielectronic one. 
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Transition Probabilities of NI Lines 
from Laser Induced Breakdown Spectroscopy 
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1. Introduction 
Transitions probabilities are relevant for 

atomic studies, applications to astrophysics and laser 
physics. However, a few papers treated this subject 
using laser induced breakdown spectroscopy (LIBS). 
Indeed, pulsed focused laser is a simple way for plasma 
creation. Emission spectra treatment allows transition 
probabilities determination. 

In this work, transition probabilities are 
experimentally determined with branching ratios of 
some spectral lines arising from 2?2p2?>p levels from 
multiplet. Emission spectra are deconvolved by a 
iterative method [5] to remove apparatus function 
effect. Electron density and temperature are calculated. 
Transitions probabilities are deduced from relative total 
intensity ratios in deconvolved spectra by combining 
experimental lifetime. Finally, our results are compared 
with previous values of other authors [1,2] and 
discussed. 

2. Experimental Setup 
A Nd:YAG laser operating at its fundamental 

wavelength %$ = 1064 nm generates pulses of 310 mJ 
maximal energy and 10 ns duration. The laser beam is 
focused in a N2 gas by a 7,56 cm focal length lens. The 
spot diameter is about 0,5 mm large and gives a light 
flux equal to 1,7.10u W/cm2. The laser intensity may 
be reduced using a polarization device. Nitrogen gas 
was inside a vacuum cell and maintained at 0,5 bar 
pressure. Plasma emission is focused onto the entrance 
face of an optical fibber at right angle to the path of the 
laser pulse. This fibber is specially carried out IR and 
visible transmission. The light is focused onto the 
entrance slit of a Chromex spectrometer coupled to a 
512 pixels detector. The diffraction device used is 1200 
grooves/mm grating yielding a spectroscopic resolution 
of 0,4 A/pixel. An optical multichannel analyser system 
(OMA 3) allows time resolved analysis of emission 
spectra. Temporal delay between the laser pulse and 
spectrum acquisition is controlled. We check the 
detector linearity in the spectral range of interest using 
a tungsten lamp. 

3. Method 
The used method is based on relative line 

emission intensities measurement. In the local 
thermodynamic equilibrium and optically thin plasma 
assumption, line intensities ratios are obtained using 
Boltzman law and emission line intensities for two 
transitions [3]. Branching ratios method is suitable 

when studying transition probabilities of lines 
multiplet. In this method, all transitions from the same 
level are considered. Absolute density number, absolute 
line intensity and temperature are not needed [6]. 
Branching ratios are given by : 

/ A R»>» = YT = YJ~ (1) 

mm 

Using the known upper state lifetime Tm, we deduced 
individual transitions probabilities by : 

Rmn 
£'A = • (2) 

4. Results and discussion 
4.1. Emission spectrum 

Spectrum identification shows that at early 
time (< 300 ns), continuum radiation dominates. Nil 
ionized lines appear up to 1,5 us delay after laser pulse. 
Neutral lines becomes evident after 1 us. NI lines 
intensities and linewidths decrease considerably after 3 
us delay. Fig. 1 shows a typical spectrum for NI lines 
studied and obtained for 2 /is delay and for 5.1010 

W/cm2 laser intensity. Under these conditions, optically 
thin plasma assumption is made to calculate transition 
probabilities. 

Line intensity analysis was carried out by 
making deconvolution of the experimental profile by 
the apparatus system determined by registering a 
spectral line from mercury calibration lamp at X = 
4358.4 Ä. This line is quite narrow in comparison with 
plasma lines. The deconvolution method is used on real 
and positive signals as line spectrum [5]. Working on 
deconvolved spectrum allows to improve continuum 
and line intensity estimation by resolving the 
overlapped lines. Line intensities are calculated by 
integrating each line from the deconvolved spectrum. 
The relative error on these parameters is 4 %. 

4.2. Diagnostics 
In an optically thin plasma, excitation 

temperature is given by line intensities ratios from two 
same ionization states elements [3]. The selected lines 
are NI lines at 7442.3 Ä and 8242.4 A respectively. 
From the deconvolved spectrum, the electronic 
temperature is calculated to be 3.104 °K. In order to 
support the Local Thermodynamic Equilibrium (LTE) 
assumption, we used the Mc Whirter criterion [4]. 
From simplified expression of full width at half 
maximum [4], electron density of the plasma is about 
2.1017 cm"3. This value derived from Stark broadening 
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parameter of NI line. These results support the LTE 
assumption for considered levels.   
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Figure 1. Experimental spectrum of NI multiplet and 
deconvolved one. 

4.3. Results and discussion 
We have measured the atomic transition 

probabilities of NI multiplet lines and obtained 
experimental reference values of 2s2 2p2(3P) 3p(4S3/2) — 
2s1 2p2(3P) 3s(4Pi/2,3/2, 5/2) transitions at 7423.64 A, 
7442.3 Ä and 7468.31 Ä respectively with available 
lifetime data for their upper states. We applied the 
measurement of [1] who take an experimental average 
value determined by state selective laser excitation 
techniques. They obtain xm = 24.7 ns ± 5 %. All the 
results are shown in table 1; branching ratios, transition 
probabilities and standard uncertainties are given for 
each multiplet line. For comparison, we present in table 
1 the theoretical results for transition probabilities 
calculated by Weiss (this result is given by Musielok) 
and the experimental results obtained by Musielok [1] 
andZhu[2]. 

The uncertainties listed in table 1 have been 
estimated by taking into account the following 
contributions : a) systematic uncertainties of the line 
profile after deconvolution method, give a line intensity 
measurement error of ± 4 % for each line, b) 
uncertainty in the lifetime data is estimated to be ± 5 
%,   c)   possible   deviation   from   linearity   of   the 

photoelectric detection system, estimated to be less than 
1 % in our wavelength .interval. Integrated intensity, 
computation error is also negligible. Finally, 
uncertainty on atomic transition probabilities is 
estimated to ± 13 %. 

Our results for the 3p - 3s NI transition are in 
good agreement with the experimental and theoretical 
values from other plasma sources. This experiment 
confirm LIBS as a good emission source for atomic 
transition probabilities determination. 

5. Conclusion 
In this work, it is proved laser produced 

plasmas are very interesting spectroscopic sources 
providing enough high temperature and density media. 
The advantages are the simple method to obtain 
spectrum and deconvolution method validity to more 
accuracy. If we used time resolved spectroscopy, the 
employed method to calculate atomic transition 
probabilities is a good reference to calibrate our system. 
Moreover, emission spectrum will be used for Stark 
parameter determination. At this time, experiments are 
carried in our laboratory to study other multiplet 
transitions in N2 plasma. Other experiment will be 
conducted to study transition probabilities in Fe and Si 
laser produced plasma for abundance determination 
which is important in astrophysical applications. 
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Table 1 : Atomic transition probabilities ofNI with experimental branching ratios 
Transition levels Line (Ä) Branching 

ratios 
Atomic transition probabilities (108 

5-1) 

Upper Lower This work Ref. [1] Ref. [2] Ref. [1] 

2sV3p(3S3/2) 

2^2p23p{%l2) 
2s22p23PeS3/2) 

2s22p23s(iPm) 

2s22p23s(4P3/2) 

2s22p23s(4
5/2) 

7423.64 

7442.3 

7468.31' 

0.1425 

0.309 

0.548 

0.0591 ±13% 

0.125+13% 

0.221 +13% 

0.0563 +11% 

0.123+11% 

0.19 ±11% 

0.062 

0.12 

0.185 

0.0638 

0.0127 

0.188 
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Application of a Digital Camera to Imaging Spectros,  py of TPD-S Plasma 

M. Mimura, T. Uneyama, T. Hamada, A. Ishida, and K. Sato* 
Faculty of Engineering, Osaka City University, Sumiyoshi-ku, Osaka 558 Japan 

♦National Institute for Fusion Science, Oroshi-cho, Toki 509-52 Japan 

1. Introduction 

TPD-S of National Institute for Fusion Science 
stands for Test Plasma with Direct current discharge 
for Spectroscopy. As shown in Fig. 1, the TPD-S 
machine creates a stationary plasma by discharge 
between cathode and anode. The plasma flows out of 
the hole in the anode into the vacuum vessel where 
there is no magnetic field. It was found that a very 
sharp boundary plasma is created even without 

magnetic field. Depending on discharge parameters, 
the plasma takes various shapes. To study the plasma 
shape and its creation mechanism, a measurement with 
a spatial resolution is necessary 

For such spatially resolving measurement, the 
following two types of image detector have been 
prepared. Each of them will be used as a detector of a 
visible, VUV, or soft X-ray polychromator. 
(1) Hamamatsu C4880-92 Intensified Cooled CCD 
camera with a software HiPic (High Performance 
Image Controll System) to process the image data. 
(2) FUJIX DS-505 Digital Camera, which is not 
manufactured for physical measurement. So to process 
its image data, we should develop a computer program 
for ourselves. 

The purpose of this research is to analyze the data 
format of the digital camera and make a computer 
program to read the image data.   Process of the image 

To Soft X-ray 

Magnet (600G) 

\ 
Floating electrode ^ A   t 

Welded Bellows \     XX 

To VUV 

data will be made by modifying the computer program 

already developed in our group[l]. 

2. Data Format of Digital Cameras 

Recently performance of digital cameras has been 
improved extensively. Various digital cameras can be 
purchased. To use one as a detector of spectroscopy, the 

most important tiling is its data format. Because the 

image data file is very big, several techniques are used 
to reduce the file size. After applying such a size 

reduction technique, the information of the light 
intensity is lost. Usually this fact is not paid attention 
because the major purpose of digital cameras is to 
display a good image for human vision, where physical 
exactness is not needed. For the light detector, however, 
it is essentially important. Therefore the selection of a 
digital camera should be made very carefully. 

Many digital camera use JPEG format because of 
its small file size. But it should be noted that a digital 
camera with such format as JPEG, PCX, EPSF etc, 
cannot be used as a light detector" A digital camera 
which uses the uncompressed mode of TIFF (Tag 
Image File Format) or BMP (Microsoft Window 
Bitmap Format) can be used because they contain the 
light intensity in the form of red, green, and blue 
components. 

3. Reading Image Files 

The digital camera DS-505 which we prepared has 
the uncompressed TIFF format (24 bit color mode). So 
what we need is to make a computer program for 
reading the TIFF format file. We found that the TIFF 
format is very complicated and many versions exist. 

According to a literature[2], "TIFF has garned a 
reputation for power and flexibility, but it is considered 
complicated and mysterious". So we gave up to read 
the general TIFF file and will be satisfied with reading 

Fig. 1. Schematic Drawing of TPD-S machine. 

XXni ICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-119 

4. Light Intensity Distribution 

Fig. 2. An example of plasma image 
taken from the window. 

Fig. 3. Bird's eye view like plot of 
red component of light intensity. 

A 
RED 

.       BLUE 

<^V^GREEN 

B 
RED BLUE 

-_/- 

^A/GREEN 

■* Y 

Fig. 4. Vertical distribution of red, green, blue 
component of light intensity at positions A and B. 

only the TIFF file created by DS-505. 
TIFF files are organized into three sections, the 

Image File Header, the Image File Directory, and the 
bitmap data. We analyzed the location of image data 
and made a reading program using Quick Basic. 

As is described before, the shape of TPD-S plasma 
changes variously depending on the discharge 
parameters. So before setting the digital camera to a 
polychromator, several plasma images were taken as 
usual photographs through the window shown in Fig. 1. 
Figure 2 shows an example of plasma shape, where the 
color image taken by the digital camera is converted to 
a monochromatic image and printed out by a laser 
printer. In this example, the plasma light is bright near 
the anode, then decreases, and appears again. 

Using the Quick Basic program, the data file is 
read and the red component of plasma light is plotted 
in a bird's eye view like plot in Fig.3. It is seen that the 
plasma light near the anode is so bright that the CCD 
detector of the digital camera was saturated. 

Although the digital camera is to be used with the 
combination of a polychromator for spectroscopy, a 
very simple separation of wavelength is made by the 
digital camera itself because it has red, green, and blue 
filters. Using these filters we check the plasma light 
intensity distribution at two positions A and B. The 
vertical distribution of the red, green, blue components 
are plotted in Fig. 4. It is found that the red component 
of the plasma light has a peak at the axis near the 
anode (position A), while the blue component shows a 
hollow distribution. In contrast, at the position B, all of 
red, green, blue component show the similar parabolic 
distribution. This suggests an interesting plasma 
creation mechanism, the details of which will be made 
clear in near future using a polychromator. 
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Measurement of electron density in dielectric barrier discharges 

E. Gerova and S. Müller 
Institut für Niedertemperatur-Plasmaphysik e.V., Robert-Blum-Strasse 8-10, 17489 Greifswald, Germany 

1. Introduction 

The usual fields of technical application for dielectric 
barrier discharges (further called DBD) are radiation 
sources (excimer radiation) and plasmachemical reactors 
in the range of medium or atmospheric pressures [1]. 
DBD are initiated by ac-voltages in gaps where one or 
both electrodes are covered with dielectric layers which 
separate them from the gas. The dielectric barrier inhibits 
the flow of direct current. The basic principle in most 
cases is to produce a plasma in which a majority of the 
electrical energy is used for the production of energetic 
electrons, rather than for gas heating. 
In spite of a widespread use of DBD, our understanding 
of the plasma is still incomplete and insufficient. 
Consequently, it is very important to diagnose the 
plasmas to make clear and control the physical and 
chemical processes working in the plasma. 
The aim of the present paper is to have a more detailed 
view in the nature of DBD on the basis of new 
experimental data concerning the electron component. 
Here we present investigations of the electron density in 
He, obtained from the Stark broadening of the profiles of 
the Hp line. 

2. Experimental setup 

The discharges were performed in a single discharge 
arrangement [2]. This way, spatial jitter effects have been 
minimized. The typical geometrical dimensions were: 
glazed Mo-electrodes with a front surface diameter of 
1 mm and glazings with a diameter of 4 mm, thickness of 
the front surface dielectric dj= 0.4 mm and gas space 
thickness (electrode distance) d= 1.6 mm. 
In the experiments we have used He as working gas with 
traces of hydrogen (ppm range). The total pressure range 
was 300 -1005 Torr. The discharge was driven by square 
waves at a frequency of 10 kHz (fast high voltage 
transistor switch). At this stage of investigations no Abel 
inversion was applied. 
The spectra emitted were analyzed by means of a 0.5 m 
double monochromator equipped with a grating of 
2400 g/mm. At the outlet slit an optical multichannel 
analyzer (OMA) was used, consisting of a CCD 
(576x483 pixels) and proximity-focused micro channel 
plate (MCP) image intensifier fiber-optically coupled to 
the CCD array. The MCP can be gated in less than 5 ns. 
This way a time resolved measurement was possible. 
The effective spectral resolution of the optical system 
was about 0.06 Ä. The discharge is imaged onto 
the entrance slit so that discharge areas of 
0.5-0.3 mm x 5.6 ixm could be analyzed. 

3. Diagnostics and results 

To estimate the eletion density we measured the profile 
of Hp patially resolved for different delay times. The 
profile of a line is the result of many factors. When the 
Stark broadening dominates, this provides a method for 
the estimation of charged particle density. Stark 
broadening is a perturbation of the energy levels of an 
atom or ion by changing electric fields occurring in a 
collission with a charged particle. 
Before the measured line width is used to calculate 
densities, it is necessary to make sure that the Stark effect 
is really the most important line broadening mechanism. 
At first, the Doppler broadening and the shape of the 
whole profile were checked. A typical result for the full 
width at half maximum (FWHM) is 0.06 Ä. Compared 
with measured profiles this width is significantly smaller 
so that one may completely neglect Doppler broadening. 
However, corrections of the measured profiles by 
deconvolution of Doppler profile and apparatus function 
have been done. The resulting line shape is 
approximately Lorentzian as can be seen from Fig. 1. In 
our case the main contribution to the line width arises 
from the Stark effect. 
The electron density was determined using the following 
formula [3]: 

ne=C(ne,Te).AA.s
3' (1) 

where AA.S is the full Stark width and C(ne,Te) a 
coefficient that is only a weak function of the electron 
density ne and has a slight temperature (Te) dependence. 
The values of the coefficients C were taken from [3], too. 
A theoretical profile for ne = 1015 cm"3 and 104 K [4], 
considering the quadratic Stark effect and the ion 
quadrupole shift due to the ionic microfield and its 
gradients, was compared with the deconvoluted 
experimental profile at the same density obtained 
from (1). The FWHM of the theoretical profile was 3% 
larger than that of the experimental profile. 
Typical experimental results for a gas pressure of 600 
Torr are illustrated in Fig. 2-4. Figure 2 represents the 
axial time development of electron densities at the anode 
and cathode. The first discharge activities were observed 
at the anode with densities of the order of 1013 cm"3 (The 
precision and sensivity decreases for values of electron 
densities smaller than 1014 cm"3). The electron density 
reaches its maximum at 80 ns, whereas a strong rise of 
-1.5 orders of density is observable within ~5 ns. Nearly 
the same strong rise of density occurs at the cathode, but 
starting 5 ns earlier then at the anode. The breakdown at 
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higher pressures occurs in this case streamer-like 
simultaneously with a cathode directed discharge 
development. The high plateau of the electron density at 
the anode at delay times of 60 -70 ns, resulting from a 
Townsend phase of the discharge development acts as 
precursor on the streamer phase due to field perturbations 
by space charges. 
Fig. 3 shows the radial resolved densities of the filament. 
The radius of the He filament is relatively large compared 
with intensity profiles of other gases (s.[5J). The centre of 
the filament shows a slight radial dependence of density, 
whereas the other part kept constant. Compared with 
intensity profiles of a single discharge [5] the density 
profile is shaped more like a square. 
The density profiles show a much more spreading effect 
at the electrodes. In addition, as one can see from Fig.4, 
the anode profile is characterised by a central dip of 
nearly 20% compared with the maximum of density. It 
could be due to repulsive electrostatic forces and/or 
surface discharges. 
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Determination of the Spatial Distribution of the Electron Density in an Argon 
Arc by Digital Speckle-Pattern-Interferometry 

M. Hipp, W. Fließer, T. Neger, H. Jäger 

Institut f. Experimentalphysik, Technische Universität Graz, Petersgasse 16, A-8010 Graz, Austria 

1. Introduction 

Digital Speckle-Pattern-Interferometry (DSPI) [1] can 
be applied to investigate plasmas like classical and 
holographic interferometry [2]. It belongs to the 
methods of speckle-pattern-correlation and is rather 
known as a fast and cheap technique for determination 
of surface displacement and deformation. As an 
advantage compared to conventional interferometry, 
DSPI allows optical components of non-interferometric 
quality in the setup. On the other hand the statistical 
properties of the speckle-pattern result in an 
unavoidable background noise of the phase-signal. 
Holographic methods are free of this shortcoming and 
provide the same advantage, however, they require 
expensive and time-consuming photographic 
processing techniques. 

The different spectral contributions of the plasma to its 
refractivity due to electrons, atoms and ions can be used 
to determine the electron density by measuring the 
phaseshift of a wavefront in the plasma at two different 
wavelengths. 
We applied this two-wavelengths method to a 
stationary argon mini-arc [3] end-on diagnosted at 
atmospheric pressure, assuming a homogeneous 
plasma. The phase shift was measured with DSPI 
spatially resolved to demonstrate its applicability. 

2. Principle 

Electron densities can be measured by determining the 
total refractivity of a plasma at two different 
wavelengths, which is the sum of the refractivities of all 
the plasma components [2]. The contribution of the 
electrons according to their density Nt 

(n-1), = -const A2Ne (1) 

is characterized by a completely different spectral 
dependence compared to that of the ions and atoms 
(indices refer to sort of particle) 

(« 
2en 

(2) 

Here Nai denote the number density and aai the 
polarizability. According to this different spectral 
behaviour one is able to determine the density of 

electrons, provided the used probing wavelengths are 
far off-resonant. 

Assuming only one species of atoms, equal density of 
electrons and ions (single ionization) and the relation 

ß = (3) 

being equal for both probing wavelengths, the electron 
density in a homogeneous plasma of length L may be 
described by 

N. \7tejnj?  ßbyHK-*>***■* 
e'L X\-ß% 

(4) 

Here Ay%, Ay^ are the interferometrically measured 
total phaseshifts after the wavefronts with wavelengths 
kv, A2 have passed the plasma. The relation ß can be 
determined by using the Cauchy-formula; values for 
argon are tabulated in [4]. 

The basic optical setup for DSPI can be considered as a 
modified Mach-Zehnder interferometer [5]. Two 
speckle-patterns, produced by two diffusors, establish a 
third one (primary interferogram), which is imaged 
onto a CCD camera. The resulting intensity pattern is 
digitized before changing the object (e. g. displacement, 
deformation) in one of the partial beams, as well as 
after it. A so called secondary interferogram is 
obtained by subtracting these two primary 
interferograms pixel by pixel and taking the absolute 
value of the difference. The resulting picture shows 
fringes with same spacing as in conventional 
interferometry [1]. 

3. Experiment and results 

As can be seen by inspecting (4), the precision of 
density-measurement strongly depends on the spectral 
separation of these wavelengths. Therefore we used a 
Nd-YAG-laser in the near infrared spectral range at 
1064 nm, and an Argon-Ion laser with 456 nm. Both 
wavelengths could be detected by standard CCD- 
cameras, such as Hitachi KP-160 and Sony XC75/CE 
in our case. 
The setup consists of two nested Mach Zehnder 
interferometers with two reflecting diffusors. The arc 
column with at length of (20 + 5) mm and a diameter 
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of approximately 4 mm is transmitted by both object 
beams of the interferometer. After that, the beams are 
separated again by a filter reflecting at 1064 nm. The 
arc column is imaged onto the diffusor to minimize 
decorrelation effects due to ray deflection. 
To reduce the amount of detected light from the arc 
itself, a spatial filter procedure is used in addition to the 
reflecting filter. 
Both reference beams hit a common piezo-mounted 
mirror in an additional Michelson interferometer, 
which is part of a computer-controlled feedback-system 
for temporal phase-shifting [6], 

After ignition of the arc one primary interferogram 
with 512x5 i 2 pixels is recorded by the camera for each 
wavelength simultaneously. The discharge is cut then, 
about 30 seconds later primary interferograms are 
recorded after distinct phaseshifts. With each of these 
frames together with the corresponding interferogram 
of the discharge, secondary interferograms are 
produced Their noisy signal can be dramatically 
enhanced by applying low-pass filters and convolution 
[7] to rescale intensity. The results are quasi-classical 
interferograms. 
Considering the time consumption for the phaseshift 
procedure including frame-grabbing, the Four-frame- 
technique at 458 nm and the Carre-technique [6] at 
1064 nm turned out be the best choice for the 
evaluation of the two-dimensional distribution of the 
phase shift caused by the arc. Values with modulation 
of intensity below 3% are masked. 
Figure 1 shows the obtained phaseshifts in the mini arc 
multiplied with the wavelengths versus the radius for 
an electrical current of 35 A. The argon flow rate was 
4.81/min. Figure 2 shows the corresponding radial 
electron density determined using (4) and fitted by 
polynomial regression of 2nd order. 

50T 

with those obtained by a nonlinear Fizeau 
interferometer [8] and by interferometry using 
holographic elements [9]. 

"8 

-0,5 

r/mm 

Figure 1. Radial dependence of the phase shift AO 
multiplicated with corresponding wavelength X of 
1064 nm (curve 1) and 458 nm (curve 2). 

The highest electron density in the plasma column is 
about 3xl022m"3. This result is in good agreement 

Z 

r/mm 

Figure 2. Radial distribution of the electron density Ne 

The spectral separation of the used wavelengths, the 
comparatively short length of this plasma and the given 
particle density represent a lower detection limit of the 
electron density using two-wavelength interferometry 
by DSPI. Since no refractive index value of the 
undisturbed surrounding medium is available, which 
strongly effects the precision of the fit-parameters, the 
noisy signal in the infrared leads to an overall error of 
more than 70%. The error of the longitudinal size of 
the plasma column is also taken into account. 
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A nonlinear Fizeau interferometer for real-time determination of spatial 
distributions of electron densities in a mini-arc plasma 
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1 Institut fur Experimentalphysik, Technische Universität Graz, Petersgasse 16, A-8010 Graz, Austria 
2 Institute of Physics, St. Petersburg State University, Ulianovskaya 1, 198904 Petrodvoretz, St. Petersburg, Russia 

1. Introduction 

A new experimental technique for real-time measure- 
ments has been developed which permits the determi- 
nation of the spatial distribution of the electron density 
of a plasma with a time resolution commensurate with 
the 6 ns duration of a single laser pulse. Electron densi- 
ties of SxlO^m"3 can be measured at 1 cm plasma 
length. The possibilities of this method were demons- 
trated by studying a steady state mini-arc argon plasma 
at atmospheric pressure. 
By measuring refractivities of a plasma, particle densi- 
ties can be determined. As the spectral behaviour of the 
refractivity due to atoms and ions differs principally 
from that of free electrons, one can selectively deter- 
mine a plasma constituent by choosing appropriate pro- 
bing wavelengths. Provided the difference in refractive 
indices of a plasma is measured at two far separated 
visible or near infrared off-resonant wavelengths, elec- 
tron densities can be determined. Usually the refracti- 
vities are measured interfere-metrically at these two 
wavelengths separately and the electron density is 
calculated then. In 1970 a holographic method for a 
direct measure of the refractivity dispersion of phase 
objects was suggested [1] and applied to plasmas later 
on, e. g. [2]. Ten years later [3] and independently [4,5] 
described a number of interferometers based on second 
harmonic generation (SHG); the so-called nonlinear 
Fizeau interferometer allows a direct measurement of 
the difference in the refractive indices for the funda- 
mental and second harmonic wavelengths. 
By introducing a polarizing filter after the second SHG 
crystal (see Fig. 1) we were able to cancel the inhomo- 
geneity of the carrier fringes introduced by the crystal. 
Since all relevant information is carried by the second 
harmonic waves, dielectric mirrors could be used to 
suppress the light from the arc itself. 

2. Principles of measurements 

In case of non-resonant conditions the refractivity (w-1) 
of a plasma at visible and infrared wavelengths A. may 
be described by 

Assuming a plasma length / the fringe shift k in a 
nonlinear Fizeau interferometer is given by 

(n -1) = -CNeA
2 + (a + b IX2 )Na. (1) 

The first term considers the influence of free electrons 
of number density Nt, the second term gives the contri- 
bution of the atomic constituents of density Na. C 
comprises some physical constants, a and b are materi- 
al parameters. For argon they are tabulated in Ref. [6]. 

k = ±CANel+^Nal. (2) 

For many plasmas the second term in Eq. (2) is small 
and may be neglected. So the fringe shift k is proporti- 
onal to the electron density and the interference pattern 
yields lines of equal electron densities. 
In the -case of a mini-arc plasma [7] as used in our 
experiments both terms in Eq. (2) are of the same 
magnitude. To avoid errors introduced by the second 
term we measured Nt independently by means of a 
Mach-Zehnder interferometer. As the fringe shift in the 
nonlinear Fizeau interferometer is much smaller than 
unity, we used heterodyning and Fourier transform 
methods as described in Ref. [8] and discussed in 
Refe. [9-12]. 
A scheme of the real-time interferometer is shown in 
Fig. 1. Light of the fundamental A, and second harmo- 
nic A/2 wavelength of a Nd:YAG laser equipped with a 
SHG crystal SHGX penetrates the plasma PI. Due to the 
plasma dispersion the optical paths for infrared and 
green light are slightly different. A part of the infrared 
light is frequency doubled by SHG2 and interferes with 
the green light from SHGU such forming the dispersion 
interferogram. 

1 

A/4 

SHG2 

A, 

:::| 
A/2 

T 

X/2         F 

T 

Figure 1. Principal set-up of a nonlinear Fizeau interfero- 
meter. SHG\tSHG2 second harmonic generating crystals; 
PI plasma source; F filter. 
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Figure 2. Radial distributions of the electron density Nc in a 
mini-arc plasma at an argon flow rate of 4.81/min and vari- 
ous electric currents. The overall error is estimated to 30%. 

3. Experiments, results and discussion 
For our experiments we used an injection-seeded 
Nd:YAG laser (Spectra-Physics GCR 170-10) in long 
pulse mode with a built in KD*P crystal for SHG. As 
plasma source we used a mini-arc in argon at atmos- 
pheric pressure [7]. The plasma length was (20±5) mm, 
the diameter of the cascade approximately 4.5 mm. 
The centre of the arc column was imaged onto a CCD 
camera (Hitachi KP 160) and digitized by a frame 
grabber card (Imaging Technology PCVision Plus). 
Quantitative evaluation was done by means of fast 
Fourier transform algorithms on a personal computer 
(Intel i486). The carrier frequency for the heterodyne 
evaluation procedure was introduced by a BK7 glass 
wedge. The light from the arc itself was supressed by 
multiple reflection on dichroic mirrors optimized for 
the second harmonic wavelength and by spatial 
filtering. 
The KD*P crystal SHG2 produced some additional light 
which was polarized orthogonally to the original pro- 
bing beams. These additional beams disturbed the final 
interference pattern, so a polarizing filter was intro- 
duced to remove this unwanted influence. 
Measurements of the electron density have been carried 
out for three values of electric current (25 A, 35 A and 
45 A) at an argon flow rate of 4.8 1/min. The radial 
distributions of the electron densities typically obtained 
are shown in Fig. 2, no smoothing algorithms have 
been used. The electron densities at the plasma column 
axis were 1.7xl022m"3 at 25 A, 2.9xl022m'3 at 35 A 
and 4.2xl022 m"3 at 45 A. The behaviour of the experi- 
mental curves shows a reasonable growth of electron 
density with the electric current and an axial symmetry 
corresponding to the discharge geometry. These results 
correspond within 7% with those obtained by speckle 
metrology [13]. They are also in good agreement with 
measurements done by two-wavelength interferometry 

on a similar arc [10] using holographic optical ele- 
ments [12]. 
The main contributions to the overall error of 30% are 
to equal amounts due to (i) the signal-to-noise ratio 
typically obtained in the sub-fringe domain, (ii) the 
evaluation procedure based on heterodyning and fest 
Fourier transform methods, (iii) the not exactly known 
longitudinal size of our mini-arc plasma column. 
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Spatially-resolved determination of the electron density 
in a high pressure mercury lamp 

using two-wavelengths speckle-interferometry 
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Petersgasse 16, A-8010 Graz, Austria 

1 Introduction 
Experimental data of electron densities in plasmas of 
high pressure lamps are needed to improve computer 
simulation models to understand fundamental prop- 
erties of these light sources. Optical two-wavelengths 
interferometry is a common tool for the determina- 
tion of electron densities in plasmas [1]. It is based 
on the different wavelength dependences of the re- 
fractivity of electrons and heavy particles. For high 
sensitivity of the electron density determination one 
of the two waves should have a large wavelength. 

We used the method of Digital-Speckle-Pattern- 
Interferometry (DSPI) [2,3,4] in connection with a 
temporal phase-shifting-technique [5,6] to evaluate 
the phase distribution of a wavefront after passing 
the plasma. In contrast to conventional interferome- 
ters the use of DSPI allows a compensation of the 
influence of the glass-bulb of the lamp on the phase 
of the wavefront. The advantage of DSPI against 
holographic interferometry is the direct detection of 
intensities by CCD-cameras instead of using photo- 
graphic materials for storing the wave fronts without 
plasma. So we were able to use the 1064 nm line of a 
Nd:YAG-Laser (beside an Ar+-Laser at 488 nm) to 
increase the sensitivity of the measurement. 

2 Principle of measurement 
The total refractivity (n — 1) of a plasma can be con- 
sidered as the sum of the refractivities of its differ- 
ent particles [1]. Assuming a plasma containing only 
electrons and one sort of neutral and singly ionized 
atoms the measured phase shift of an electromag- 
netic wave of wavelength A traversing the plasma is 
related to the number densities of the atoms Na, the 
ions Ni and the electrons Ne by 

A<f>(x,y) = *l[J-aa(\) f Na(r)ds+ 
A   <"o JL 

+ ^ai(X)JNi(r)ds- 

-k\2 f Ne{r)ds], (1) 

with the factor of physical constants being k = 
e2/87r2eomec

2. x and y are spatial coordinates in the 
interferogram, r is the position vector in the plasma. 
L is the geometrical path length of the light beam 
through the plasma, aa and a,- are the polarizabili- 
ties of atoms and ions involved. 

Because of the weak wavelength dependence of the 
polarizabilities it is possible to calculate the electron 
density in the plasma by producing two interfero- 
grams at different wavelengths Ai and A2. Assum- 
ing radial symmetry for the plasma arc of the lamp 
and interferometric side-on diagnostics the radial dis- 
tribution of the electron density Ne (r) in one cross 
section (with constant coordinate x in the two di- 
mensional interferogram) can be calculated from the 
two measured phase shifts A^i(j/) and A<f>2(y) by an 
i46e/-inversion using a Founer-algorithm [7]: 

Ne(r) 

/ 

4e0mec
2 

e2(A2-/?A2)' 

•fld(/?A^i(y)A1-A^2(y)Aa) 
dy 

(2) 

dy 

Vv~2 

ß is defined as aa(A2)/aa(Ai). 

3 Measurements and results 
The optical setup can be considered as two speckle- 
interferometers of MACH-ZEHNDER-type for the 
wavelengths of 488 nm and 1064 nm (Fig. 1). This 
arrangement allows a digitization of the two inter- 
ferograms for both wavelengths at the same time. 
To reduce the radiation of the plasma, diaphragms 
and interference filters were used in the optical paths 
of the object arms. 

A common phase shifting device in the reference arm 
of the two interferometers allowed the digitization 
of primary interferograms at defined reference phase 
shifts. The phase shift was controlled by measuring 
the intensity at the exit of an additional MICHELSON- 

interferometer in the reference arm of one of the 
two speckle-interferometers. The phase distributions 
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were calculated from four phase-shifted frames of pri- 
mary interferograms in the two object states. 

Figure 2 shows the electron density in one cross sec- 
tion of the lamp calulated using eq. 2. 

An error of 0.8 ■ 1022 m-3 was estimated because 
of the accuracy of the phase determination (about 
27r/20). The lowest electron densities which can be 
measured depend on difference of the wavelengths 
choosen and are in the range of 2 • 1022 m-3 at 1 cm 
plasma length. 

c 

_1_ 
>        6        a 

r/ mm 

Figure 2: Radial distribution of the electron density 
in one cross section of the mercury lamp. Ieff Fü ZA. 
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Figure 1: Schematic optical setup for the spatially 
resolved determination of the electron density in a 
high pressure mercury lamp by DSPI. 1 high-pressure 
mercury lamp, 2 Ar+-laser, 3 Nd:YAG-laser, 4 CCD- 
camera, 5 reflecting diffusor, 6 transmitting diffusor, 
7 laser mirror 8 phase shifting mirror, 9 beamsplit- 
ter, 10 beam expander, 11 cylindric lens, 12 col- 
lecting lens, 13 diaphragm, 14 interference filter, 
15 photodiode. 
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Optical Diagnostics of Plasma Produced in Laser Beam Welding Process 
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' Department of Physics J. E. Purkynö University, Ceske" mlädeze 8, CZ - 400 96 Üsti nad Labem, Czech Republic 

"Welding Research Institute, Racmnskä 71, 832 59 Bratislava, Slovakia 

1. Introduction 

Laser welding proved to be a great success in 
the research laboratory as well as in industry. The high 
power laser welding is performed with very complex 
physical phenomena. In order to expand practical 
applications of high power laser welding, it is important 
to understand the basic phenomena of laser welding. 
These physical phenomena should be observed using 
several method of diagnostics to get a highly reliable 
welding process. 

In this paper we described an experiment, a 
laser-induced plasma plume during laser welding of 
steels was investigated using a method of optical 
emission spectroscopy. A high power C02 laser 
( X = 10.6 urn, output laser power P = 2 to 4 kW) was 
used for various processing applications, such as the 
heat treatment of metal surfaces or welding and cutting 
metals in the Welding Institute in Bratislava. In a laser 
machining the shield gas atmosphere plays an important 
role in determining the quality of the work sample. 
Argon, Helium or their mixture are used as a shield gas 
for welding. Nitrogen is applied as a shield gas for the 
heat treatment of metal surfaces and Oxygen for cutting 
metals. The purity of gas ranged from 99.996% to 
99.998 %. 

methods for analyzing on of the laser-produced plasma 
parameters seem to be non-contact methods. We have 
chosen the method of the optical emission spectroscopy. 

It is necessary to use either a system of 
collimating lenses or an optical coupling by an optical 
fibre cable with an fibre optic probe for collecting the 
from plasma-emitted radiation to the entrance slit of the 
spectrometer. We have used the second way. We have 
prepared a simple system of the fibre optic cable with 
the fibre optic probe, see Fig. 1. The fibre optic probe 
system is arranged so that the entrance of the fiber optic 
cable pipe (circular profile, diameter 2.8 mm) is located 
at the focal plane of the probe lens. In this way the light 
emitted from the plasma was introduced to the entrance 
pipe of the fiber optic cable (60 fibers, 
diameter: 250 um). 

Tht «nd of the fibre optic cabta 
positioned on tti« focal plan» 

FIBRE OPTIC PROBE 

(  Op 

2> 
Optical cabli 

ADAPTER FOR COUPLING OF FIBRE 
TO MONOCHROMATOR 

Focal 
point 

The material was heated by the interaction 
between the focused laser beam and the treated material 
during material processing ( the temperature of the 
processed material T= 1200 to 1400 °C [ 1 ] ), and the 
surface will be melted instantly to form plasma. The 
metal plasma will conflict with the shield gas. At the 
same time the ionization of the shield gas occurs. The 
plasma plume of the size of magnitude of a few cm is 
formed near the surface processed. There are both the 
shield gas and the vapours of the material processed in 
the pIume.The laser-induced plasma plume affects 
deeply the processing results. It is an important 
parameter on which the quality of laser welding 
depends. Experimental and theoretical work on this kind 
of plasma is rare [2, 3 and 4]. However, it is obvious 
that it is necessary to know the different plasma 
parameters as well as the plasma-chemical reactions 
taking place in order to explain the behaviour of these 
media and to optimize their effectiveness during the 
process laser welding. 

2. Observation Method of Plasma 

We have made an analysis of the possibility of 
acquiring basic data ofthat type of plasma. The suitable 

Figure 1: The optical arrangement of the fiber optic 
cable with a fiber optic probe 

Because the probe consists of the focusing and 
receiving optics in one compact unit, it allows us right to 
position the probe to the plasma plume.The solution 
chosen makes it possible to complete the fibre optic 
probe together with the technological head of the laser, 
in the future. 

The farther end of the bundled fibre optic cable 
is connected to a fibre optic adapter which transforms 
the aperture of fibre to the aperture of the 
monochromator. 

Although optical fibres have enormous 
advantages, they have one drawback since of their small 
diameter they collect a limited amount of light. 

As a spectrometer (in the wave length range of 
450 - 700 nm) we used the mirror monochromator SPM- 
2 (produced by Zeiss Jenna, entrance slit width: 0.25 or 
0.46 mm) with photodiode detector. 

The    scheme    of    the    optical 
spectroscopy setup is shown on Fig. 2. 

emission 
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Figure 2: The schematic diagram  of optical 
arrangements for spectroscopic measurement 

3. First results of Observing Plasma Plume 

The typical examples of our first results of the 
measured line emission spectra are shown on Fig. 3 
( for shield gases - Ar, He) and in Fig. 4 (their mixture) 
and in Fig. 5 (for different output laser powers, 2kW 
and 4 kW), where the left side the values of reference 
spectral lines [5, 6] and the right represents spectra 
emitted from the laser plume. 

Figure 3: The emission spectra of plasma plume 
induced during the laser welding of austenitic steel. As a 
shield we applied the argon and helium gases. 

5013 Fa 
511.0 Fa 
512.7 r» 
515.7 Fa 

Experimental conditions: 

Output laser power: 2   kW 

Welding apead: 88   mm/i 

Material Austenitic steel 
(C - 0.4 %. Cr - 25%. Nl - 20%) 

Gas purity: 

Gas Rrwsnim- 

99.B96 % 

0.1 Mpa 

Shield gas:   Mixture Argon - Helium 

Figure 4: The emission spectrum of plasma plume 
induced during the laser welding of austenitic steel. As 
shield gas the mixture of argon and helium (75% - Ar 
and 25%-He) was used. 

The intensity of the measured light emitted from 
the plasma plume was varying. That fact complicates the 
further quantitative measurements of chosen spectral 
lines. Therefore these first measurements have been only 
qualitative and we prepare a system consisting of the 
imaging spectrograph Jobin Yvon - CP 200 and the 
CCD imaging camera SBIG - ST - 71. 

Figure 5: The emission spectra of plasma plume 
induced during laser welding of low carbon steel 
( C - 0.2%, Mn - 0.5%, Si - 0.3% ) for different output 
laser powers. As shield gas we applied argon. 

It is evident that our emission spectra include 
the emission lines mainly from the processed material 
components such as Fe, Cr and Ni. The emission lines of 
the working gases were observed, too. 

4. Conclusion 

The present study leads to the following conclusions: 

An occurence of the particular emission lines depends 
on both the experimental parameters (laser power) and 
the laser-processed material parameters (according to 
the quality of steel and shield gas). 

Our goal is to find out correlations between the 
metallurgical characteristics of the laser processed 
material and the properties of the laser produced plasma. 
Both aims seem to be possible. 

We can assume that the analysis of chosen characteristic 
emission lines makes it possible to optimize the material 
laser processing technology. 

5. Acknowledgement 

This work has been supported by the European 
Community through the COPERNICUS Grant No. 
CIPA-CT94-0183. 

6. Reference 
[1] A. M. Kosecek and P. Fodrek: private information 

[2] S. Kimura, Y. Makino and m. Ikeda: Proc. of the 6th 
Int. symp.- Nagoya - JWS, (1996) 185 

[3] T. Maede, T. Maiwa, E. Ohmura and I.Miyamoto: 
Proc. of the 6th Int. symp.- Nagoya- JWS, (1996) 191 

[4] T.Ohji7t. Shiwaku, Y.Hirata, and K. Hiraoka: IIW 
in Stockholm document - Doc. 212-881-95, (1995) 

[5] H. Scheller: Einführung in die angewandte spektro- 
chemische Analyse, VEB Verlag Technik Berlin, (1957) 

[6] A. N. Zaidel, V. K. Prokofev and S. M. Raiskii: 
Tables of Spectrum  Lines,  Pergamon Press,  Berlin 
(1961) 

XXIUICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-130 

Characterization of a multi-component plasma 
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Introduction 
Simple plasma diagnostics, such as Langmuir 

Probes (LP) or Retarding Potential Analysers (RPA), 
are usually used to characterize one-component plasma, 
either drifting or at rest in the diagnostics' frame. 
However, some plasmas involve several distinct 
components, one at rest and the other drifting at 
supersonic velocity for instance. Such is sometimes the 
case in space: the ambient ionospheric plasma is drifting 
with respect to the spacecraft frame, and a second plasma 
component can sometimes be emitted at rest by the 
spacecraft. In ionospheric plasma simulation chambers, 
a drifting plasma is emitted to simulate ambient plasma 
flowing at spacecraft speed. It is yet impossible to avoid 
the generation of slow ions through Charge Exchange 
(CEX) between fast drifting ions and slow neutrals. The 
density of this CEX plasma at rest depends closely on 
the neutral pressure, but is usually higher that in orbit 
and can sometimes even exceed the drifting plasma 
density. In this context, the classical interpretation of I- 
V characteristics, either for drifting plasma or at rest, 
does not apply, especially concerning LP. The outcome 
of this paper is to show that a proper analysis of LP 
characteristics allows to distinguish between the two 
components of the plasma and determine (at least) their 
densities. The method used in this study is to perform 
numerical simulations and use their results as an abacus 
to compare with experience, but it should lead to faster 
methods generalized from classical ones for one- 
component plasmas. We give the experimental results 
in a first section and their interpretation and comparison 
to numerical simulations in a second section. 

Experimental Results 
We performed measurements of plasma 

parameters with LP and RPA in an ionospheric plasma 
simulation chamber called JONAS that is a cylinder of 
1.8 meter in diameter and 3 meters in length. The 
Kaufman ion source located at one of its ends generates 
an Ar+ ion flow neutralized by an electron emitting 
filament. We obtain a plasma flow drifting at velocity v/ 
depending on the acceleration voltage Vacc applied on 
ions. Neutral (Ar) pressure is 3 10"6 hPa. LP and RPA 
are located at 1 meter from the source. Measurements 
were performed using different acceleration voltage 
values i.e. different drift velocities for the ions. The bias 
of a spherical LP of diameter 1 cm was swept from -10 
V to +10 V. Current-tension characteristics for different 
Vacc are given in Fig. 1 (due to the source nature, the 
density varies with Vacc). The RPA retarding potential 
was swept around the potential Vacc corresponding to 
the drifting ion energy. Classical analysis of RPA 
current and LP characteristics in drifting plasma — 
extrapolated ion current at plasma potential gives the 
product of LP cross-section, ion density, speed and 

charge — yielded two values for plasma density. 
Density from LP characteristics exceeded the one from 
RPA approximately by a factor of 3 as can be seen on 
table 1. 

-10 

■Vacc=10V    Vacc=l5V 
Vacc = 20V    Vacc = 25V 

8        -6        -4        -2 0 

-1- -200 
Fig. 1 : LP experimental characteristics (ionic branch). 

Vacc V/ LP density RPA density 
10 V 6.9 km/s 4.4 10" cm"J 1.2 105 cmJ 

15 V 8.5 km/s 5.1 lO'cnf 1.5 10'cm- 
20 V 9.8 km/s 5.8 103 cm'J 2.1 10'cm- 
25 V 11 km/s 5.9 105 cmj 2.3 105 cm"J 

Table 1 : Experimental densities obtained from classical 
treatment of LP and RPA characteristics. 

Interpretation - Numerical simulaions 
The discrepancy between RPA and LP values for 

density had to be understood. We first eliminated the 
possible causes constituted by secondary electrons and 
photo-electrons. We then examined-the possibility that 
it originated in the slow CEX plasma component. In 
spite of its lower velocity, it is collected on a much 
larger surface — the one of the sheath — than the 
drifting component. A first hint that the experimental 
LP characteristics cannot be due only to a drifting 
plasma is the slope of its ionic branch : it is much 
larger than the one given by numerical simulations, 
either our (see below case Cl) or from literature [1] — 
which are in good agreement together. 

Consequently we modelled this two-component 
plasma thanks to a 3D Particle-In-Cell code for various 
densities of drifting plasma and CEX plasma at rest and 
swept the probe potentiel form -10 V to 0 V — 
electronic density is given by Boltzmann distribution 
which is faster than modelling electron dynamics but 
does not allow positive potentials. The densities of the 
seven simulated cases are given in table 2 and the 
corresponding LP characteristics in Fig 2 (now 
^acc=15V always). In a numerical simulation, currents 
from drifting ions, CEX ions and electrons can be 
distinguished and both ion currents are given separately 
in Fig 3. This figure and the potential and density 
distributions around the probe — not given here — 
make it easy to understand that: 
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1- The fest drifting ions cannot easily be deflected by 
the probe potential that is lower than their kinetic 
energy, they are not very sensitive to the potential: the 
slope of drifting ion characteristics in Fig 3 is small. 

2- On the contrary, slow CEX ions are collected at the 
surface of the sheath of which radius rapidly increases 
with probe potential: this yields larger slopes for CEX 
characteristics of Fig. 3. 

3- As a consequence, one could roughly say that the 
slope of the total current is related to the CEX plasma 
density whereas the linear interpolation to zero 
potential of the characteristics is related to the drifting 
plasma density. 

iCEX Drift -* 1.5 lO'cm'3 2.5 10* cm'3 5 10s cm"3 

0 caseCl 
1.25 105 cm"1 caseC2 
1.75 lO'cm"3 case A3 caseB3 caseC3 
2.5 105 cm3 caseB4 caseC4 
Table 2 : Drifting ion density (1* line) and CEX ion 
density (1" column) of numerical simulations 

-A-A3 
-<^C2 

-0--B3 
-*-C3 

—X-B4 
—x-C4 

-10 -8 

Potential (V) 

Fig 2 : 
A3, B3 

"s 

-1- -200 

numerical simulation LP characteristics (cases 
■B4, C1-C4 of table 2) compared to experiment. 
•a-A3 (Drifting) - -A- -A3 (CEX) 

--*-- B3 (Drifting) —a— B3 (CEX) 
--X-- B4 (Drifting) —*— B4 (CEX) 
-o-CI (Drifting) -o—Cl (CEX) 
-»-C2 (Drifting) —o—C2 (CEX) 
-A-C3 (Drifting) —*— C3 (CEX) T 160 
-x- C4 (Drifting) —*- C4 (CEX)     51 

-10 0 -8 -6 -4 -2 
Potential (V) 

Fig 3 : Contribution from drifting and CEX plasma to 
LP current in numerical simulations (see table 2). 

The point 3 is still too approximate and this 
needs further analysis. For the time being, we simply 
compare experimental results to several simulations in 
Fig 2. Clearly, the small voltage part of the 
characteristics (-2 to 0 Volts) is consistent with the 
dashed lines (B series, drifting density = 2.5 105 cm"3) 
and not with full lines (C series, drifting density = 5 
10s cm'1) or the dotted line (A series, drifting density - 
1.5 10s cm3). The high voltage part of the 
characteristics, or its slope, is between B3 and B4 
simulations. The densities consistent with simulations 
are then intermediate between B3 and B4 : about 2.1 
105 cnr3 for CEX plasma, and 2.5 103 cm1 for drifting 
plasma. 

The drifting plasma density deduced from this 
analysis, 2.5 105 cm', is much lower than the one 
obtained from the standard analysis assuming no slow 
plasma (5.1 105 cm3, see table 1). Although not in 
perfect agreement, it is much closer to the value given 
by the RPA, 1.5 10s cm'3. Of course, the external grid 
of the RPA is grounded and so no sheath is present to 
collect more slow ions : the ratio of speed makes then 
the RPA almost insensitive to the slow plasma 
component and 1.5 10s cm'3 is only the fast drifting ion 
density. 

One could be surprised by the high density of 
slow CEX plasma in spite of the relatively low neutral 
pressure. However, studies in similar conditions [2] 
gave high densities too. Moreover, we performed an 
extra experiment in which we protected the LP from the 
direct drifting flux by a shield. It was only exposed to 
the slow plasma, although perturbed by the shield's 
presence and wake. The result, about 1.105 to 2.105 

cm', although very approximate, confirms the presence 
of a high density of slow ions. 

As a last remark, let us note that we really have 
to perform a simulation to obtain the characteristics of 
Fig 2. They cannot be simply given by a sum of 
standard characteristics in a drifting plasma on the one 
side and in a plasma at rest on the other: an increase of 
drifting ion density results in a lower Debye length, a 
smaller sheath and so a lower collection of* slow CEX 
ions. It is very clear in Fig 3 on the series A3-B3-C3 or 
B4-C4 with fixed slow plasma density, where the 
increase of drifting plasma density results in a lower 
collection of slow plasma. 

Conclusion 
New analysis of Langmuir probe characteristics 

in a two-component plasma allowed us to obtain the 
densities of both the drifting plasma and the plasma at 
rest. This was confirmed by RPA results and 
complementary LP measurements. This analysis was 
carried out by direct comparison of experimental and 
simulated characteristics but direct treatment of 
experimental characteristics should be possible in future. 
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Measurement of Line Intensity Ratios from Low-Pressure, 
Weakly-Ionized Helium Plasmas 

Tamotsu Sasada, Mamoru Matsuoka and Motoichi Kawaguchi 
Department of Industrial and Technical Education, Mie University, Tsu, Mie 514, Japan 

1. Introduction 

The measurements of electron temperature (T,) using 
line intensity ratios of helium have been proposed and 
performed on the basis of the LTE (Local Thermal 
Equilibrium) model for high electron density (n.) 
plasmas [1], or the CORONA model for low electron 
density plasmas [2] with 7;>10 eV. Recently, more 
general treatment is proposed for plasmas with wide 
range of density but with Tt>2Q eV on the basis of the 
CR (Collisional-Radiative) model [3]. We studied 
experimentally whether Te measurements from these line 
intensity ratios are applicable for low nt (~1017 m"3) and 
low T, (< 10 eV) plasmas. 

2. Experimental Setup 

Figure 1 shows the experimental setup. The discharge 
tube was a pyrex glass sphere filled with helium of 133 
Pa. When a 13.56 MHz rf wave of 20 W~70 W was 
applied with an antenna coil of 3 turns wound around the 
tube, the doughnut-shaped plasma was formed. Line 
intensities of visible light from the plasma were 
measured using a monochrometer. 

We  evaluate  five  line  intensity  ratios  appeared  in 
references[l-3]; 

468.7 nm/587.6 nm 
443.7 nm/412.1nm 
492.2nm/471.3nm 
501.6nm/471.3nm 
504.8 nm/471.3 nm 

Grotrian diagrams including these lines are shown in Fig. 
2. Four ratios (C. Rl. R2 and R3) are the ones of singlet 
to triplet lines of He I. while one pair (L) is the 

(L) LTE [1] 
(C) CORONA [1] 
(Rl) CR [2] 
(R2) CR [2] 
(R3) CR [2] 

COAXIAL CABLE :     DISCHARGE 

8D-2V TUBE 

13  56MHz HF 

OSCILLATOR 

L. MATCHING] 
NETWORK V* y[. MONOCHRO- 

METER 

1 30mm diam 
. 133Pa.Helium 

:COIL  3 Turns 

PHOTO M. 

CR-FILTER 

f=j!  AD 

1—I;        | CONVERTER 
LSI 

one of a doublet line of He II to a triplet line of He I. 

3. Experimental Result 

Two typical spectra at 30W and 60W are given in Fig.3 
where light intensity is normalized so that the intensity 
of the line of 587.6 nm takes the value of 0.5. Smooth 
lines in the figure indicate the sensitivity of the 
measuring system, including the transparency of the 
glass tube, the characteristics of the monochrometer and 
the photo-multiplier. Shown are the spectra before 
calibration using this curve. It is clear that the line 
intensity ratios are varied depending on the rf power. 

From C-pair data, the electron temperature is evaluated 
to be less than 10 eV, which is the lower limit of the 
conversion curve based on the CORONA model [1]. If 
the curve is extrapolated, the electron temperature is 
evaluated to be about 2 eV, which is a reasonable value 
for such a low-powered plasma. 

As for Rl, R2 and R3-pairs, however, the electron 
temperature is evaluated to be as high as about 20, 100 
and 50 eV, respectively.     Here we used the conversion 

He II Energy Levels 

Fig. 1. Experimental setup. 
Fig.2. Grotrian diagrams of He I and II. 
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curve based on the CR model for «,=1018 m"3 [1J. There 
are two possible reasons for too high T, results. In such 
an if discharge as this experiment, high-energy electrons 
can be easily produced. These high-energy electrons 
mainly determine the line intensity ratios. The other 
reason is the influence of the metastable state of helium. 
In this experiment, the gas density is 2X1023 m'3 (133 
Pa). This is much higher than 5 X 1019 m"3, above which 
the resonance absorption becomes significant. In our 
experiment, both contributions would give high electron 
temperatures. 

In our experimental result, however, the ratio for L-pair 
showed a monotonous increase with the rf power and 
seems to reflect the variation of Te though the other 
plasmas parameters, such as n, may contribute, too. This 
ratio varies by several orders of magnitude in the range 3 
eV^r,^ 10 eV, while the others vary only by a factor. 
Thus L-pair seems still the best one to deduce T, in the 
range less than 10 eV. To this end, re-calculation with 
recent atomic data and re-consideration would be 
required. 

Fig.3. Spectra for 30W and 60W. 

10 
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Fig.4. Dependence of the line intensity ratios 
on the rf power. 
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AN ELECTRON ENERGY ANALYSER IN MAGNETISED PLASMAS 

V. Antoni, M. Bagatin, D. Desideri, E. Marlines, G. Serianni, F. Vallone, Y. Yagi* 

Consorzio RFX 
Padova, Italy 

Electrotechnical Laboratory, Tsukuba, Japan 

The electron energy distribution function (EEDF) in 
magnetised plasmas can be measured using the 
electrostatic Electron Energy Analyser (EEA) [1]. 

An electrostatic EEA is made up, in its basic form, 
of a front plate with a pinhole, aimed to stop the ions, a 
repeller electrode, used to discriminate the electron 
energy, and a collector. The less energetic electrons 
entering the probe through the pinhole are restrained by 
the repeller, which is polarised negative with respect to 
the local plasma potential, whereas the higher energy 
component is captured by the collector. Measuring the 
collector current for different repeller voltages yields the 
dependence of the electron flow on the parallel energy. 

If f(v//,vjj is the electron distribution function 
averaged on the fast cyclotron motion and Vrep is the 
repeller potential, the collector current Icoi is given by: 

DO OO 

,coi(Vrep) = -eA  Jv//dv//|2r:v1dv±W(v//,v±)f(v//,vi) 
v//min 0 

where v//mjn = (-2Vrep/m)1/2, m is the electron mass 
and A is the area of the pinhole. The function W(v//,vjJ 
is a transparency function which accounts for the 
selection in perpendicular velocities caused by the radius 
and thickness of the pinhole. 

An electrostatic EEA has been used to study the 
EEDF in the outer region of plasmas magnetically 
confined in the RFX reversed field pinch experiment [2], 
with particular emphasis on the detection of the field- 
aligned super-thermal tail [3]. The EEA equipment used 
in RFX has been originally developed for the TPE- 
1RM20 experiment [4], and is schematically shown in 
fig.l. 

The EEA has been operated in 600 kA discharges 
with on-axis densities in the range 2-8-1019 m"3 and 
on-axis electron temperatures To = 200-350 eV. The 
outer region plasma where the EEA was inserted has a 
typical density of 51018 m"3 and typical temperature 

Graphite 
jacket 

Collector 
shield 

of20eV[5]. 
The front plate is a disk made of molybdenum, while 

the repeller ring and the collector cup are made of a 
W/Cu alloy. The front plate has a 2.5 mm diameter 
channel with a 0.1 mm diameter pinhole (0.05 mm 
thick). Typical Larmor radii of bulk electrons and 
hydrogen ions in the edge of RFX for 600 kA discharges 
are 0.07 mm and 3 mm respectively and the Debye 
length is of the order of 10-20 |im. The pinhole radius 
is thus comparable to the Debye sheath thickness. In 
order to survive the high energy fluxes (100 MW/m2), 
the equipment is protected by a graphite jacket 3 mm 
thick. The diameter of the entrance hole in the graphite 
is 3 mm. While in TPE-1RM20 the jacket was 
electrically connected to the vacuum vessel, on RFX it 
has been kept floating, in order to avoid large currents to 
be driven through the insertion system. 

The transparency function W(v//,vjJ has been 
evaluated analytically considering the equations of the 
orbits of electrons with random initial position. We 
consider in our model a magnetic field parallel to the 
pinhole axis, while neglecting the effects of the induced 
electric field due to the charging of the electrodes. If the 
thickness of the aperture is neglected the transparency 
function turns out to be equal to 1, which is not the 
case when the finite thickness of the entrance is taken 
into account, 

i 

Repeller 
Insulation case 

Fig. 1: Scheme of the EEA used on RFX 

Front plate 

Fig.2: Transparency factor as a function of parallel energy. 
The value of the transparency function, averaged in 

the perpendicular velocity space over a maxwellian with 
temperature lower than or equal to 100 eV, is always 
greater than 0.75 for all electrons with parallel energy 
above 100 eV (those typically collected by the EEA), 
and shows a small dependence on parallel energy in the 
range 100-600 eV, as shown in fig.2. For this reason it 
has been decided to assume in the data analysis 
w(v//>vl) always equal to one, which implies that the 
collected current values could be underestimated by 25% 
in the worst case. 

The Laplace equation has been numerically solved to 
calculate the potential profile inside the EEA, where no 
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ions are present. The on-axis potential in the repeller 
hole (3 mm diameter) is found to be - 95% of the 
applied voltage. The collector is usually kept to a 
voltage of +70 V (referred to the RFX vacuum vessel, 
like all the voltages reported in the following) in order 
to avoid the loss of secondary electrons. Anyway, no 
significant change in the data has been observed when 
the collector has been kept at the vessel potential. 

A Unea- power supply has been developed in order to 
apply a variable voltage waveform to the repeller down 
to -1 kV, with a rise and fall time of a few 
milliseconds. Since a typical pulse in RFX lasts 100 
ms, this has allowed to make multiple measurements of 
the Icol-Vrep characteristic during a single discharge. 

Three different configurations of the EEA have been 
tested. In the first one (A) the front plate was electrically 
floating, in the second one (B) it was connected to the 
vacuum vessel through a 2.3 Q., 50 W resistor and in 
the third one (C) it was in electrical contact with the 
graphite jacket. With configuration (A) the front plate 
potential was systematically lower than -100 V, leading 
the collector current signal to saturate for repeller 
voltages higher than -100 V. This made it impossible to 
obtain the low energy portion of the ICol-vrep 
characteristic. In fact the Debye sheath thickness was 
comparable to the pinhole diameter, causing the front 
plate to act as an effective repeller. To overcome this 
limitation, configuration (B) was adopted. With this 
configuration, the front plate voltage was around -50 V, 
so that the lower energy part of the characteristic could 
be explored. However, this configuration resulted in 
high currents (~ 10 A) flowing from the front plate to 
the vacuum vessel, increasing the noise level on the 
signals. A reduced noise level was found with 
configuration (C), in which the front plate was at the 
same potential as the graphite jacket. Such potential 
was typically -50 V, resulting from an average of the 
floating potential over the whole jacket. Results 
obtained with configuration (C) are reported in the 
following. 

Figure 3 shows different typical potentials of the 
electrodes and of the plasma. When considering the 
effect of the voltages applied to the various EEA 
components on electrons entering the device, it is 
important to note that they must be referred to the 
potential Vp of the unperturbed plasma away from the 
diagnostic. Thus, for instance, the effective potential 
barrier given by the repeller will actually be Vrep-Vp. 

Generally speaking, due to the small pinhole radius, 
the first potential barrier encountered by an incoming 

•3 -200 > 

plasma. 

front plate 

repeller Incoming 
electrons 

electron is that originated by the front plate, Vfp-Vp. In 
the case where the front plate is kept electrically 
floating, this potential difference will be equal to the 
Debye sheath voltage drop, that is of the order of -3Te 

for a maxwellian plasma with local electron temperature 
Te. Indeed, the experimental ICol-Vrep characteristics 
show a saturation for repeller voltages higher than Vfp, 
confirming the presence of this potential barrier. The 
consequence of this effect is that with a floating front 
plate only repeller voltages lower than Vfp are useful for 
deducing the properties of the electron distribution 
function, so that only the portion of distribution 
function with energies higher than 3Te can be explored. 
In the presence of a superthermal tail the sheath 
potential drop rises, depending on the relevance of the 
tail with respect to the bulk of the distribution function 
having temperature Te. 

In order to detect the superthermal tail on RFX, the 
repeller voltage Vrep has been linearly swept in 10-20 
ms from 0 to -600 V (below this value the signal to 
noise ratio was too small), several times per discharge. 
Figure 4 shows an example of the resulting Ic0i -Vrep 
characteristic, fitted with a half-maxwellian model for 
the superthermal tail, indicating in this case that such 
tail has a temperature of the order of 100 eV. 

10 
i [mA] 

T  =95eV 
1 

°Q9 

op1 

Shot 6431 
t = 58.3 - 66.2 ms 

0 I 

-400 

Fig.3: Potentials encountered by incoming electrons. 

-400  -350   -300   -250  -200   -150   -100   -50       0 
Vr,„ M rep 

Fig.4: Typical Icoi-Vrep characteristic. 
The extensive use of the EEA has allowed to detect 

and characterise the field-aligned unidirectional 
superthermal electron flow in the outer region of RFX. 
The diagnostic has proven to be very resistant to the 
interaction with the plasma, and no sign of perturbation 
have been observed over the discharge. 
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Vibrational and translational temperature measurements in nitrogen and air 
glow discharge by 2A,-CARS spectroscopy method. 
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Introduction 
The last several years scanning CARS - 

spectroscopy (coherent anti - Stokes Raman 
scattering spectroscopy) is widely used for many of 
the investigative and of the practical tasks of the gas 
thermometry in discharges. One of essential lack of 
this method is rather long time of spectrum record. 
In our paper there is suggested and applied for 
research of discharges alternating method two - 
wavelength coherent anti-Stokes Raman scattering 
spectroscopy (2X-CARS-spectroscopy). It combines 
the high sensitivity of scanning CARS - method and 
high speed of spectrum record. In the present work 
these methods are used for the determination of the 
gas temperature Tg, vibrational and rotational 
excited molecules populations of N2 in the ground 
state (VP) in a positive column of glow discharge in 
the molecular nitrogen and in the air. 

Experiment 
The discharge was realized in quartz tube (1) (see 

Fig.l). It was characterized by following parameters: 
the distance between platinum electrodes was 58 cm; 
the tube radius was 1.8 cm; the discharge current 
was varied from 30 to 50 mA. The measurements 
were carried out in N2 at 3.5, 7.0, 9.5 Torr and in the 
air at 20 Torr. The tube had a water and liquid 
nitrogen cooling loops. The reduced electric field (E - 
is average electric field strength in the positive 
column, and N is the molecule concentration at the 
discharge axis, defined with due regard for the drop 
of density as result of heating) varied from 40 to 80 
Td. 

The following methods were used for direct 
measurements of the degree of the vibrational - 
translational nonequilibrium in a discharge: the 
scanning version of CARS spectroscopy; and the 
two-wave version of CARS. The scanning CARS 
spectrometer has been described in detail in [1]. 

In the two-wave version of CARS, a 2A.-CARS 
spectrometer was used, whose scheme is shown in 
Fig.l. Its laser system consists of a single-mode 
YAG:Nd laser (2) with frequency doubling and a dye 
laser (3) generating the two-wavelength radiation. 
For this purpose, the resonator scheme was used 
with a common diffraction grating (4) and two 
"plug" mirrors (5) tuned separately. The master 
oscillators work in the pulse-periodic mode with the 
repetition frequency of 10 Hz and generated pulse 
duration of 25 ns. In the course of the experiment, 

the intensities of nonoverlapping Q - lines were 
measured that correspond to two vibrational - 
rotational transitions v,J=6->v+l,J=6, and 
v,J=16-»v+l,J=16 (v and J are the vibrational and 
rotational quantum numbers). To normalize the 
radiation intensities of the CARS signals obtained 
simultaneously in two different transitions of the Q- 
branch, a reference channel was used in 
experiments. The CARS signals, -corresponding to 
the two above mentioned transitions and obtained in 
the investigated (1) and reference (6) channels, were 
filtered by the monochromator (7) and registered by 
the optical multi-channel analyzer (OMA-III) (8). 
Procedures of data acquisition and processing (9) 
were automated on the basis of an IBM PC (10) and 
were described in more detail in [2]. 

1 

Fig.l 
Theory 

The numerical model is in detail described in 
[3,4]. The rate constants for excitation and 
deexcitation of first ten vibrational levels (v=l-10) by 
electron impact were calculated by averaging of 
corresponding cross sections using electron energy 
distribution function (EEDF) which was received by 
numerical solving of Boltzmann equation. The 
Boltzmann equation was completed by collision 
integrals taking account the superelastic electron- 
molecule collisions for vibrational levels v=l-10. 
Populations of the first five vibrational levels of N2 in 
the ground electron state were determined from 
measured CARS spectra. However information 
about populations of vibrational levels v>4 is also 
necessary for correct calculation EEDF. The 
approximation of VP by the Boltzmann or Treanor 
distribution may result in considerable errors. 
Therefore calculations were carried out of the VP in 
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glow     discharge     under     conditions     of     our 
measurements and the experiment [5]. 

Results ard discussion 
Fig.2 (a) shows the histogram of values of the 

rotational temperature resulted from 170 of impulses 
N for the room temperature at pressure 20 Torr. 
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Fig.2 

One can show (see Fig.2 a), that the data are 
grouped around on the most of possible value which 
is equal to 289 K. On the base of experiments the air 
temperature measurements for standard conditions 
in the probe volume and also in the discharge which 
was cooled of liquid nitrogen for it stability, we were 
determined the standard deviation of measurement 
<T(%) versus number of N (see Fig.2 b). Using results 
above considered analysis the rotational temperature 
in the discharge was measured for 1 s. The average 
temperature was equal to 525 K with the standard 
deviation of 26 K. Notice that achieved accuracy 5 % 
at averaging of 10-15 impulses at repetition rate 10 
Hz requires 1-1.5 s for the temperature measurement 
as for version of scanning CARS for measurement 
with analogy of accuracy it has 5 minutes and 3000 
impulses respectively. 

In the Table there are compared the results of 
measurements Tg and Tv, carried out in the present 
work. Also there are presented the Tv values received 
from the VP, which were calculated on the basis of 
master equations for nitrogen glow discharge using 
the above mentioned experimental parameters. 

Table 
Experimental data Calc 

E/N 
Td 

scanning CARS 2XCARS 
K TE,K TV,K TE,K TV,K 

80 480±35 4470±350 460±25 4450+220 4415 
45 530±35 4940+360 510±25 4920±245 4750 
60 600±40 4770±370 580+30 4750+240 4700 

From the Table it is evident that the values Tt and 
Tv, measured by two above mentioned CARS- 
methods are in good agreement among themselves 
and so they are with the values predicted by theory. 
We can conclude that the suggested in [2] the 2X- 
CARS - spectroscopy method permit us to measure 
parameters of glow discharge plasma with good 
accuracy. The essential advantage of this method is 
the spectrum record time reduction about of two 
order of magnitude. 

Fig.3 illustrates a good agreement between 
calculated and measured by probe method [5] EEDF 
at E/N=70 Td. 

-2 

"ig(f(e)) 

calculated EEDF, Tv=3000 K 

calculated EEDF, Ty=4000 K 

Note that it is only the inclusion of the superelastic 
collisions of electrons with vibrationally excited 
molecules, as well as of the decrease of the 
population with level v=0, that makes it possible to 
reach a consistent description of the electron 
component and vibrational kinetics. 

Thus the performed analysis of possibilities of 
scheme 2A.-CARS shows that such approach let 
essentially to decrease the time registration of 
temperature and to be perspective for research of 
the rapid processes and also of the impulse 
discharges. 
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A.F.Ioffe Phys.-Techn.-Inst. Rus.Acad.Sci.. Polytechnicheskaya 26, St.Petersburg 194021, Russia 

1. Only the probe methods permit to determine a 
plasma potential - a parameter which is very essential for 
the investigation of near-electrode phenomena in gas 
discharges. This is the most important stimulus to 
expand the field of application of probe diagnostics. The 
probe meas! rements were applied to strongly ionized 
high pressure plasma for a long time (e.g. see [1,2]). But 
the procedure of such measurements is not enough 
elaborated up to now. 

The purpose of the present investigation is the 
elaboration of the methods of probe diagnostics of 
strongly ionized plasma at atmospheric pressure. The 
spectroscopic measurements were used as a control 
method. The experiments were performed in a free 
burning argon arc which is of common use for a plasma 
production in a lot of applications. The results of probe 
characteristics calculation for xenon plasma are 
described in [3]. In the present paper the theory 
developed in [3] is applied to calculation of probe 
characteristics in Ar plasma. 

2.. An arc was vertically oriented. A tungsten stick 
cathode of diameter D=2 mm with a semispherical tip 
was disposed at a bottom of the arc. A flat copper water- 
cooled anode was disposed at a top of the arc and at 12 
mm distance from the cathode. A thermionic emission 
of the cathode was supplied by the cathode self-heating 
by a duty arc current Id = (50-70) A. A pulse generator 
of single rectangular pulses (I< 1000 A) with a duration 
up to 5 ms was connected in parallel. A pulse front 
depended upon the transient arc processes and was 
about 1 ms long. The measurements were carried out in 
a quasistationary mode of operation, i.e. in 3 -4 ms after 
the beginning of a pulse discharge. A flying spherical 
probe of d s 2a = 0.5 mm in diameter rmoved at a 
velocity ^ 1 m/s across the arc core zone. The probe 
position uncertainty was estimated to be less than 0.3 
mm. Time dependences of floating probe potential Vf 

and ion current I. were measured, I, being measured at 
negative probe potential (5 - 15) V with respect to Vf. 
For each operation mode the measurements were 
performed in sets of 8 - 10 oscillograms. Then the results 
were averaged. To record an arc emission spectrum the 
monochromator was jointed to the multichannel optical 
analyzer. An enter slit width of the inonochroniator was 
0.15 mm to provide an adequate record of intensity 
across the emission spectrum. During a single exposure 
the spectral range of 25 ran was recorded. 

In a plane of an enter slit of the monocliromalor the 
reduced horizontally oriented arc image was formed 

which was scanned across the slit. On the discharge axis 
the spatial resolution was ä 0.3 mm. The exposure was 
varied in a range (0.2 - 0.5) ms. 

J. Previously a probe operation in a dense collisional 
plasma was analyzed theoretically at various degrees of 
ionization but mainly for comparatively low plasma 
pressures when collisions between electrons and heavy 
particles did not affect an electron temperature Te in a 
near-probe layer. In the present investigation the 
calculations are performed for the other case when a 
common temperature T of electrons and heavy parades 
is established due to frequent collisions between them in 
a near-probe layer. The temperature T is not equal to the 
temperature Tro. of undisturbed plasma. This case is 
typical for high pressure plasma. 

The calculations were performed for a spherical probe 
with radius a = 0.25 mm which was inserted in argon 
plasma at atmospheric pressure. The method of 
calculation was described before [3]. The near-probe 
layer was divided to several layers according to effects 
dominating in each layer [4,5]. The following hierarchy 
of characteristic lengths is supposed to be fulfilled : 
L0« 1,« Lr

+«Lx « a, where L0 is Langmuir sheath 
dimension, t is an ion free path, Lr

+ is Ar+ recombination 
length and LT is a temperature relaxation length [4,5]. 
We consider the case in which the plasma is fully 
ionized at the distance, where r > Lr

+ According to these 
unequalities it is possible to separate the phenomena in 
each of the above mentioned regions and to consider 
the inner layers, where r < Lr, as planar ones. This 
hierarchy of the main physical layers takes place only at 
sufficiently high Tm. It may be shown that undisturbed 
plasma consists only of electrons and double charged 
ions Ar"1"1" at this temperature. The temperature range in 
which a transition occurs from Ar+ to Ar++ corresponds 
to the distance that is significantly greater than Ar++ 

recombination length. Therefore the local 
T , eV 
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thermodynamical equilibrium (LTE) exists in all the 
regions where r £ L,+. The LTE condition was used in 
the determination of plasma composition. Some results 
of calculations are shown in Fig.l where floating probe 
potential Vf is plotted versus Tra and electron component 
je of a probe current density - versus probe potential Vp 

at a set of Tffi values (listed in Fig. 1). 
4.   It  was   necessary  to   cany   out   the   probe 

measurements at high enough plasma temperatures (T«, 
:> 2 eV) to compare the experimental and theoretical 
data. Such temperature can be obtained in the near- 
cathode   region   of free   burning   atmospheric   arc. 
According to the previous experimental results [6] the 
typical size of region, where T > 2 eV, is of the order of 
2 mm at T > 250 A. While the arc current increases this 
size grows. So the measurements were performed at 
I s 250 A and at the distance < 1 mm from cathode 
surface. According to the theory [31 the disturbances of 
plasma parameters by a probe relax at the distance L? ~ 
0.1   mm.   Because   Lr  and   probe   radius   'a'   are 
significantly less than z, the probe measurements may 
be used for determination of plasma parameters in the 
case investigated. Also it is essential for a validity of 
probe diagnostics that near the cathode, at z < D, a 
stagnation zone exists and a cathode plasma jet' is 
formed at the  distance z <>  D  from  the  cathode. 
Therefore the probe measurements are correct and the 
results of the rmeasurements may be compared with the 
theoretical those which are obtained for the plasma at 
rest. 

The dependence of current Ip of the moving probe 
upon time has a flat maximum corresponding to a probe 
position near the axis of an arc plasma column. The 
maximum current value at the oscillogram was 
considered as the probe current on the arc axis. Then the 
ion probe current I, was determined at various negative 
potentials with respect to the floating potential Vf. A 
distinct ion current saturation was observed.The plasma 
temperature Tm was also measured by the spectral line 
relative intensities technique at the distance z^ from the 
cathode surface. Spectral lines of Arlll with known 
transition probabilities were used for Tm determination in 
the near-cathode layer. The dependence of ion 
saturation probe current density j^ upon Tm obtained by 
this technique is shown in Fig. 2. 
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5. According to the theoretical results which are shown 
in Fig.l the dependence of a logarithm of a probe 
current density je upon the probe voltage Vp is 
essentially non-linear in a strongly ionized argon plasma 
at atmospheric pressure. A similar result was obtained in 
xenon plasma [3]. This is a consequence of a diminution 
of the electron temperature near the probe surface, 
which occurs simultaneously with a growth of je. This 
effect was investigated experimentally and theoretically 
in [7] in strongly ionized plasma of considerably low 
pressure. 

A strong distortion of a transient branch of probe 
characteristics in a strongly ionized plasma of 
atmospheric pressure as well as a diminution of ion 
probe current as compared with the saturation ion 
current at je > j^ does not allow to use the measured 
voltage-current (VC) probe characteristics for the direct 
determination of je by means of the extrapolation of j^. 
Therefore the transient branch of VC probe 
characteristics is not suitable for diagnostic purposes. 
But the plasma temperature T«, can be measured by 
means of the j£ measurement. According to the 
calculations, j,s is a sufficiently strong function of To and 
depends slightly on the probe temperature Tp (see dotted 
curves for two Tp values in Fig.2). This weak 
dependence is essential for diagnostics because Tp varies 
in some unknown manner during the measurement. 

In Fig.2 one can see a good agreement between the 
theoretical and experimental data. An uncertainty of Tp 

does not affect essentially the accuracy of T„ 
determination, this accuracy being better than 10 % as 
estimated. So it may be concluded that the theory [3] 
describes correctly the processes in near-probe layer and 
VC probe characteristics. The experimental confirmation 
of the developed theoretical model proves the possibility 
of the correct determination of plasma potential by a 
probe method in a strongly ionized high pressure 
plasma. 

The research described in this publication was made 
possible in part by Grants N° R5D000 and R5D300 from 
the International Science Foundation. 
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Untroduction 

Diffusion plasma confined in a multipolar- 
magnetic system is one of the most uniform and low 
fluctuation level plasmas. The plasma is generated by the 
so-called primary electrons, which are emitted by a 
thermionic filament, and energized by the negative bias in 
respect with the wall. The presence of multipolar magnets 
results in a localization of ionization at the plasma 
periphery due to the primary electrons trapping in a cusp 
magnetic configuration. 

Measurements with electric probes have shown 
that the electron distribution function (EDF) is not always 
Maxwellian, and is mostly approximated to a bi- 
Maxwellian one [1]. Using a more sensitive method to 
obtain the two electron group parameters [2,3], three 
electron groups were separated in a recent work for the 
well understanding of magnetic-confined plasma properties 
[4], a primary electron group and two Maxwellian ones. 
The anisotropy due to the primary is too strong to be 
neglected, and results in modification of plasma 
parameters especially in the vicinity of the filament. The 
probe geometry may integrate the anisotropy induced by 
the primary electrons, eventually loosing some information 
related to the electrons. 

In the present work, the anisotropy induced by 
primary electrons and their influences to the magnetic- 
confined plasma are investigated with a spherical and 
planar probe in the vicinity of the filament. 

2.Experimental setup and processing of probe 
characteristics 

Experiments were performed in a multipolar 
magnetic-confined cylindrical chamber with 26 cm in 
diameter and 46 cm in length. Plasmas with its density 
about 1013-1015 m"3 were produced by a DC discharge 
between the chamber wall and a spirally wound filament 
with 10 mm in diameter made of a tungsten wire with 
0=0.2 mm. The discharge current Id and its voltage UAc 
were typically 150 mA and -50 V, respectively. Ar gas, of 
which pressure was ranged from 10"2 to 10"4 Torr, was 

used. In order to keep the plasma axially symmetrical, 
the filament was installed at a position of 40 mm from 
one of the cylindrical chamber ends, where the 
magnetic field due to the magnets was neglected. A 
planar probe with 2.5 mm in diameter and a spherical 
one with 1.2 mm in diameter were movable to the axial 
and radial directions. 

A -60 V + +10 V ramp bias voltage was 
applied to the probe. Detected probe current, after 
averaged 700 times, was amplified and converted into 
digital data with 12 bit resolution. A numerical 
program to obtain the bi-Maxwellian parameters [2,3], 
primaries [5] and ion density [6] was used. 

3.Experimental results and discussions 

Radial profiles of np at p=5xl0"4 Torr and different 
distances d, obtained by planar and spherical probe are 
presented in Fig. 1. The presence of primary electrons 
result in strong anisotropy even at d=100 mm, for the 
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Fig. 1 Radial profiles of primary electron density, atpsSxKT4 Torr, 
by the planar ( ) and spherical ( ) probes. 

planar probe measurement, but not for the spherical 
probe one by an integrating effect over the surface. In 
Fig. 2 is presented the radial profile of the probe 
current's second derivative Ie", at d=60 mm, by planar 
probe,    where    the    ion    and    primary    electrons 
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contributions were subtracted. The primary electrons 
influence causes a double-hump structure of the Ie" 
profiles. The influence de creases with d and p increasing, 

VM 

Fig. 2 Radial profiles of V, at p=5xl0't Torr, and d=<50 mm, by the 
planar probe 

E  2.SE.H 

Afp****« 

Fig. 3 Radial profiles of electron 
p=5xl0"4 Torr, by the planar probe 

r[mm] 

and ion ( ) densities , at 

while can not be detected by the spherical probe. The 
electron density (by integration of EDF) and ion 
density (by using the OML in the ionic saturation part 
[6]) radial profiles, at p=5xl0'4 Torr, by the planar 
probe, are presented in Fig. 3. The primaries influence 
result in decreasing of plasma electron density and 
increasing of ion density in the filament vicinity. Such 
an electron kinetics explain the appearance of positive 
space charge in the vicinity of filament, which can be 
understood from the result of Fig. 4, where the radial 
profiles of plasma potential, by the planar and spherical 
probes, are presented. 

4.ConcIusions 

The anisotropy due to the primary electrons 
induce modification of plasma parameters in the 
filament vicinity and then a space charge appears there. 
The primary electrons influence cannot be detected by 
the non-directive probes, its producing ambiguity in 
estimation of another parameters, like floating potential 
and hot electron group temperature. The filament 
position and its shape have to by take in account for the 
anisotropy. 
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1. Introduction 

The nitrogen is often used for chemical 
applications involving plasmas. The energy carried 
both by the ground state molecules and the atomic 
species can be used both in the early afterglow and in 
the far remote afterglow either for surface treatment or 
thin films deposition [1]. Under microwave discharges 
conditions, the vibrational and the rotational energies 
stocked by the N2(X 'Eg*) molecule is known to be quite 
large [2] especially at moderate and hight reduced 
electric field (E/N) values. 

In a previous paper [3], we presented first 
results concerning a Raman Stokes Scattering study of 
the first vibrational levels of the ground state molecules 
(v=0-5) for pressures down to 1 hPa. This analysis tool 
provides the possibility to determine the relative 
population of each level and so the Treanor temperature 
(0i) [4]. We present here results obtained from the early 
afterglow to the far remote afterglow. The former is the 
siege of the well known Short Lived Afterglow [5], 
where a second ionization of the gas occurs without 
further electric field application. 

The strong deviation from the Boltzmann 
equilibrium observed in the case of N2 under plasma 
conditions has been already described on the basis of 
the work of Treanor [4]. This author describes the near 
resonant Vibration-Vibration (V-V) energy exchanges. 
The main feature of the model is that there is a strong 
interdependence of 9] and the kinetic gas temperature 
(Tg). The V-V processes are particularly favored when 
0i is larger than Tg and lead to an overpopulation of the 
medium levels. To make a more complete description 
of the Vibrational Distribution Function of N2 (VDF), 
Gordiets [6] has developed an additional analytical 
expression to account for the effect of Vibration- 
Translation (V-T) exchanges occurring essentially on 
the population of the highly excited levels. On the 
contrary, the V-T exchanges leading to a relaxation of 
the highly excited levels are enhanced when Tg 

increases with regard to 9,. A modified Gordiets model 
[5] is used jointly with our experimental data to 
evaluate the amount of energy transported by the 
N2(X 'Eg*) molecule and the results are discussed. 

2. Experiment 

The N2 plasma is ignited in a Pyrex discharge 
tube (inside diameter : 38 mm) by a coaxial resonant 
cavity at 2450 MHz. The microwave power absorbed by 
the plasma is equal to 300 W. The nitrogen (Air 
Liquide|<U» grade) pressure is set at a value of 3.3 hPa 
with a 'flowrate equal to 1.46 slpm. The Raman 
scattering signal collected via two conjugated lenses is 
recorded owing to a home made spectrometer equipped 
with a gated intensified CCD detector synchronized 
with laser pulses. The acquisition procedure requires 
3or 4 averaged records with duration equal to 4 min 
with regard to the ration signal to noise. The relevant 
experimental setup is described more extensively in the 
reference [3]. 

The kinetic gas temperature is evaluated by 
optical emission spectroscopy with help of a HR460 JY 
monochromator equipped with a liquid N2 cooled CCD 
detector. The transition used is the ionic N2

+ (B2E+
U 

v'=0,l^X2E+
g v"=0,l) Av = 0 sequence. A 0.5 Ä 

bandwidth allows to resolve the rotational structure of 
this first negative system (1") transition. Comparison 
with computed spectra with the relevant bandwidth 
finally gives the rotational temperature with an 
accuracy of about 50 K. The kinetic temperature and 
the latter one are close to each other under our 
experimental collisional conditions. 

3. Results and discussion 

«The Raman scattering data after calculation of 
9i are shown on the figure 1. The abscissa scale (L) 
describes the axis tube from the gap center (L=0) to the 
far remote region. It appears that the 0i values in the L 
range of measurement are still decreasing from about 
4300 K to 2600 K. The calculation is achieved with a 
typical standard deviation of 300 K. The monotonous 
decrease of 0i suggests us to fit the data by an 
exponential law. More data are nevertheless needed to 
confirm this tendency. With this assumption the law 
has been extended up to L = 0 giving hence a 
maximum estimation of 9i in the discharge (4700 K). 
The 9! value in the short lived afterglow is close to 
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Fig. 1 : Profile of 0i and of the signal amplitude of the 
(0,0) head band of the 1" emission system. 

4000 K around the maximum of amplitude emissions 
of the 1" system. We hence notice that this value is 
much less than the vibrational temperature deduced 
from the emissions of the transitions N2(B

3rig -► 
A3E+u) for the levels v'<9 (~ 9500 K ) and than the 
Treanor vibrational temperature of N2

+ (B2£+u) deduced 
from the emissions of the transitions N2

+(B2£+„ -> 
X2S+g) (-10000 K ) measured at the same position. 
Furthermore the constant decrease of 9i is in contrast 
with the corresponding ionic emission intensity 
variation. 

The figure 2 presents the profile of the gas 
temperature Tg for a smaller L range than in fig. 1. The 
result is similar to previous data obtained at 433 MHz 
under the same experimental conditions [5]. The two 

10000 

-   1000 

Fig. 2 : Profile of the kinetic temperature and of the 
signal amplitude of the (0,0) head band of the 1" 
emission system. 

profiles of 6i and Tg allow to calculate the vibrational 
distribution function of N2(X 'Eg4) by the modified 
Gordiets model and so to follow its evolution along the 
axis. The total vibrational energy is calculated by the 
expression: 

E^tN.CX^Js, (1) 
v=l 

where [ ] denotes the volumic concentration of the 
species, v** is the v value beyond which the population 
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Fig. 3 : Profile of the calculated total vibrational energy 
E, and of the signal amplitude of the (0,0) head band of 
the 1" emission system. 

is negligible and Sy is the energy of the level 
considered. The result can be seen on fig.3. The 
calculation assumes that the pressure is almost constant 
along the studied region. The Er value starts from about 
0.6 mJ in the gap region and rises when living the 
discharge. A flat maximum (0.95 mJ) is observed in 
coincidence with the maximum of amplitude of the 1" 
emissions. This result is remarkable because both data 
are obtained independently. The decrease of E» 
following this maximum is moderate and let the place 
to a further increase. Despite an decrease of 6t, the 
vibrational energy increases when the gas leaves the 
discharge. The increase of about 58 % of Ey needs to be 
faced with the 55 % increase of [^(X'Sg*)]. A 
conclusion is that Ey is controlled by the drop of Tg and 
its effect on [^(X'Sg4)]. The maximum of E, 
corresponds to the area where the drop of Tg and so the 
increase of [^(X'Eg*)] are stopped. The ratio of 0i to 
Tg therefore favors the V-T relaxation. The Tg drop is 
strongly slowed by the heat "release induced by 
ionization. The slight rise of E» beyond L=45cm is a 
calculation artefact of this simplified model which 
takes only into account the V-V and V-T exchanges but 
not the wall deactivation occurring when 9i and Tg are 
low. An improved model should involve the density 
effect on kinetic rates and also the collisions with 
electrons and electronic states. 
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Density measurement of OH free radical in a magnetized sheet plasma 
crossed with vertical gas-flow 
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We demonstrated the production of OH free radicals in an argon magnetized sheet plasma crossed with 
vertical gas-flow mixed with an oxygen gas 02 and a hydrogen gas H2. The density of the OH free 
radicals were measured by a laser-induced fluorescence (LIE). The density of OH free radicals reaches 
its peak with changing the argon gas flow. When the density of OH free radicals is the maximum value 
(3.6xl09cm3), the high part of the electron-energy-distribution-function^(E) above 8 eV decreases. 
These results suggest that the high energy part of/e(E) is contributed to the dissociation of 02 and 
the production of OH free radicals. 

1. Introduction 
The effect of collisions of neutral gas on the plasma 

behavior is considerably interesting in connection with 
many fields of application, such as plasma processing, 
environmental problem, and divertor plasma in recent 
years. In particular, an important role of free radicals 
is mainly due to their outstanding physical and chemi- 
cal properties. The characteristics of the free radicals 
in the plasma are very complex in commonly used 
plasma device, such as RF, ECR and so on, because 
the cascade type of collision process takes place in the 
plasma column. 

For a better understanding of the relation between 
the plasma parameters and the properties of the free 
radicals, we have proposed to use a newly designed 
system of a magnetized sheet plasma crossed with 
vertical gas-flow system [1-3]. In this system, the 
parameters of radicals and plasma, such as the reactive 
gas-flow, the plasma density, the electron temperature 
are controlled independently. This system is capable of 
measuring the plasma and radical parameters by the 
electrical probe and a laser induced fluorescence (LIF), 
respectively. 

We demonstrated the production of the hydroxyl 
(OH) free radicals in an argon magnetized sheet plasma 
crossed with vertical gas-flow (H2+02). The OH free 
radical has been recognized as the most commonly 
studied combustion species and important species from 
the view of environment. 

2. Experimental setup 
The magnetized sheet plasma crossed with vertical 

gas-flow system is shown in Fig. 1. The advantages of 
the magnetized sheet plasma with vertical gas-flow 
system are: (i)the plasma parameters and conditions of 
the reactive gas are controlled independently because 
the part of the plasma source is separated from the 

part of the production of the radicals in this system, 
(ii)the plasma density and the electron temperature can 
be widely changed with changing a discharge current 
and a discharge gas flow, (iii)since the geometry of this 
system is estimated to be nearly 1-D on the scale of the 
plasma thickness the experimental results could be 
compared with the expected results based on 1 -D models, 
(iv)free radicals and ionized charged particles can be 
separated into the different space because the reactive 
gas is vertically fed to the magnetized sheet plasma, 
and (v)the influence of the process of the ion collision 
in addition to that of the electron collision can be 
examined in the plasma, such as the charge exchange, 
and so on. Therefore, this system is capable of making 
some complex phenomena between the plasma and 
neutral gas species as the simple model. 

The reactive gases for the production of the OH free 
radical were the hydrogen gas H2 and the oxygen gas 
02. When reactive gas is vertically fed to the sheet 
plasma, OH free radicals produce in the plasma and 

Lens 

Sheet plasma (Ar) 

to monochromator 

to computer 

Plasma flow 

Lens 
Gaspipe(02,H2) 

Laser (282 nm) 

Fig. 1 The magnetized sheet plasma crossed with 
vertical gas-flow system. 
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pass through its above space because the mean free 
path of neutral-neutral collision is much longer than the 
thickness of the sheet plasma. The plasma parameters 
(the electron density, the mean electron energy, the 
space potential and the electron-energy-distribution- 
function /e(E)) in the gas contact region were mea- 
sured by the Langmuir probe. The density and the 
rotational-vibrational temperature of the OH free 
radicals were measured by the laser-induced fluores- 
cence (LIF)[4-7]. The uv laser light for the fluores- 
cence excitation of the OH molecule is provided by a 
Nd:Yag pumped dye laser system with subsequent 
frequency doubling using a KDP crystal. A 5 ns laser 
pulse with 2 mJ energy is tuned in wavelength that 
corresponds to an transition of the (0,0) band of the 
A2S+-X2n near 282 nm at a repetition rate of 10 Hz. 
The LIF signal entered in the entrance slit of a m- 
onochromator with both a focused lens and optical 
fiber was detected by a multichannel analyzer (SMA). 
The rotational-vibrational temperature of the OH free 
radicals decided from the slope of a straight line that is 
obtained by plotting the fluorescence intensity of a 
given laser-excited transition divided by the transition 
strength for that absorption against the energy of the 
absorbing rotational state in the X2II electronic state. 

3. Experimental Results 
The typical experimental parameters are as follows: 

the discharge current Id is 16 A, the magnetic field Bz 

is 0.03 T. The H2 gas flow rate as a reactive gas Q^ is 
fixed at 10 seem. 

Figure 2 shows the density of OH free radical n0H 

as a function of the Ar discharge gas flow Q^. The 
density of OH free radicals initially increases with 

5        10       15       20 

Ar gas flow QAr (seem) 

increasing Q^ After the maximum value (n^ = 3.6 x 
109cm"3, Q^ = 10 scccm) is obtained, n^ decreases 
with increasing Q^ . When the density of OH free 
radicals reaches its peak at Q^lOsccm, the high 
energy part of the electron-distribution-function /e(E) 
above ~ 8 eV decreases from a result of probe measure- 
ment. This value of the high energy part of /e(E) 
corresponds to the dissociation energy of oxygen (-8.8 
eV). In the collisions of electrons in molecular gases, 
electron-neutral collisions may occur the dissociation. 

The rotational-vibrational temperature of the OH free 
radicals T0H was determined by the plot of LEF spectrum 
per transition strength vs energy of initial rotational 
state. The T0H deduced from the slope of plot is 4000 
K±200K. 

4. Conclusions 
We demonstrated the formation of the OH free 

radicals in the magnetized sheet plasma with vertical 
gas-flow system. The density of OH free radicals reaches 
its peak with changing the Ar gas flow. At the same 
time, the electron density and the high energy part of the 
electron-energy-distribution function /e(E) above the 
energy of ~ 8 eV decrease. These results suggest the 
production of OH free radicals is contributed to the 
dissociation of 02 in electron-neutral collisions. 

The authors wish to express their gratitude for the 
financial assistance from Grant-in-Aid for Grant-in- 
Aid for Scientific Research (C), No.08680513, the 
Ministry of Education, Science, Sports and Culture. 
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On the hydrogen Balmer Ha line shapes in an abnormal glow discharge 
operating in helium-hydrogen mixture 

I. R. Videnovic, M. M. Kuraica and N. Konjevic 
Faculty of Physics, University of Belgrade, P.O.Box 368, 11001 Belgrade, Yugoslavia 

Abstract 

The shapes of the hydrogen Balmer Ha line are 
studied in the modified Grimm-type abnormal glow 
discharge, operating with iron and copper cathode, in 
helium with small admixture of hydrogen. For 
comparison, the Ha profiles in pure hydrogen and in 
neon-hydrogen mixture are recorded as well. The 
magnitude of the lower broadened part of the profiles is 
related to the efficiency of scattering and excitation of 
hydrogen atoms, reflected from the cathode. 

1. Introduction 

Recent studies of atomic-hydrogen line shapes in 
various types of glow discharges [1-7] has shown 
Balmer lines shapes with an extraordinary wings 
development. The extensive far wings indicate the 
presence of excited hydrogen atoms with very high 
velocities. As shown by both theory and experiment ([8] 
and Refs. [4,10] therein), those energetic hydrogen 
neutrals originate from incident H+, H, H2

+, H2 and H3
+, 

whose backscattered fragments from the cathode are 
almost entirely H atoms. On their way back through the 
discharge, they collide mainly with matrix gas and 
excite [9]. 

In the preceding paper [9], the hydrogen Balmer Ha 

line shapes, emitted from the Grimm-type abnormal 
glow discharge operating in pure hydrogen and in neon- 
hydrogen mixture (3% H2), with cathodes made of 
several different materials, are studied. Most of the end- 
on recorded Ha profiles, showed more developed blue 
wing of the lower part of the profile, than the red one, 
see Fig. 1. These line shapes testify on the higher 
energies and larger number of hydrogen atoms traveling 
from the cathode surface towards observer. As a 
quantitative measure of the wings broadening effect, the 
value 8 = (Ah+Ar)/A is introduced, as a ratio between 
sum of areas under the blue Ab and red Ar wing of 
lower, broader part of the profile, and whole profile area 
A, where A=Ah+Ar+AQ (see Fig. 1). Concerning cathode 
material influence, it is revealed that sputtering 
processes play an important role in the line shape 
formation. Namely, the wings broadening effect is more 
pronounced in discharges with cathodes made of 
material with high sputtering yield coefficient (such as 
Cu, Ag and Au [9]). In the light of these results, one 
would expect that the influence of the operating gas 
would be also related to the sputtering efficiency, i.e. 

that the effect should be more pronounced if the cathode 
is bombarded with heavier particles. The results were, 
however, quite opposite: in comparison with pure 
hydrogen discharge, in neon-hydrogen mixture, the 
wings development was considerably depressed [9]. 
This result lead to the conclusion that the role of the 
operating gas is related mainly to the efficiency of 
scattering and excitation of reflected hydrogen atoms, 
i.e. to the matrix transparency for energetic hydrogen 
neutrals. 

In oirder to check the above conclusion, in this work 
we extend our study to the H„ line shapes emitted from 
the Grimm glow discharge operating in helium- 
hydrogen (5% H2) mixture, and compare them with the 
results obtained in pure hydrogen and neon-hydrogen 
mixture, under similar experimental conditions. 

2. Experiment 

Our plasma source is laboratory made modified 
Grimm-type glow discharge, described in details 
elsewhere [10,11]. Here we shall mention only few 
important details. Unlike the original Grimm design 
[10], the cathode is mounted inside the hollow anode 
(30 mm long with inner and outside diameters 8.00 and 
13 mm), The water-cooled cathode holder has an 
exchangeable iron or copper electrode, 18 mm long and 
7.60 mm in diameter, which screws tightly onto its 
holder to ensure good cooling. The gas flow 500 
cm /min through the discharge was sustained at 250 Pa 
by means of a needle valve and a two stage mechanical 
vacuum pump. To run the discharge a 0-2 kV and 0-100 
mA current stabilized power supply was used. A ballast 
resistor'of 10 kQ was placed in series with the discharge 
and power supply. The end-on radiation from the 
discharge source was focused with unity magnification 
onto the entrance slit of the scanning monochromator- 
photomultiplier system with 0.74 nm/mm inverse linear 
dispersion. The signals from photomultiplier were A/D 
converted, collected and processed by PC. 

3. Results 

Typical results of Balmer Ha spectra recordings in 
three different gases, with iron and copper cathode are 
shown in Fig. 1. The new results in helium-hydrogen 
mixture confirm the previously noticed regularities [9]: 
(a) the blue wing of the lower, broader part of the Ha 

profile is more developed then the red one and (b) the 
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Fig. 1. Typical end-on Ha spectra recordings (with relative intensities) in Grimm glow discharge with iron and copper cathode, 
in three different gases. Discharge conditions: 25 mA, (16+2) W. In the Cu-H2 graph are defined areas Ab, Ar and AQ. 

wings  broadening  effect  is  more  pronounced  with 
copper than with iron electrode. 

Considering influence of the operating gas, the 
effect in helium-hydrogen mixture is between those in 
pure hydrogen and in neon-hydrogen mixture. 
Furthermore, by plotting the obtained 8 values vs. mass 
ratio of atomic hydrogen and matrix gas (in logarithmic 
scale), see Fig. 2, one obtains apparent linear 
dependence. This supports our previous conclusion [9] 
that the role of the operating gas is related to the 
efficiency of the scattering and excitation of hydrogen 
neutrals in collisions with matrix gas. These processes 
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Fig. 2. The vings-broadening effect (5 values) vs. mass ratio 
of atomic hydrogen (wH) and matrix gas (mM). 

are the most efficient in pure hydrogen (mass ratio 1:2), 
while neon matrix (1:20) is the most transparent for 
energetic hydrogen atoms, reflected from the cathode. 
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Langmuir-probe measurements in the afterglow of rf-discharges 

A. Remscheid, S. Rudakowski, K. Wiesemann 
Ruhr-Universität Bochum, Experimentalphysik, inbes. Gaselektronik, 44780 Bochum, Germany 

We present Langmuir-probe measurements in the afterglow of pulsed rf- 
discharges. The pulsed plasma is expected to contain negatively charged particulates 
having large masses. The aim is to determine the ratio of mean negative and positive 
masses of ions in the plasma. First measurements in Ar/C2H2 and Ar/H2/W(CO)6 

discharges will be presented. 

Introduction 

It is well known that clusters and dust are 
formed in rf-plasmas containing carbon and hydrogen. 
While heating the discharge continuously particulates 
can grow in the plasma and charge up negatively like a 
floating probe. Small particulates beyond a certain size 
(roughly up to about 20nm) can be expected to bear 
only one charge. If the plasma is pulsed the particulates 
growing inside the plasma have sizes depending on the 
plasma-on time, ton. When the plasma is switched off 
the electrons escape very fast due to their high mobility 
on a time scale shorter than 1ms. After roughly 1ms one 
can assume a quasi neutral plasma consisting of positive 
and negative ions. In this electron free plasma it is 
possible to measure the saturation currents of positive 
and negative ions using cylindrical Langmuir-probes. 
From the saturation currents the mean mass ratio of 
positive and negative charge carriers can be deduced as 
suggested by the group of Watanabe [1,2,3]. They 
determined the ratio of the mean masses in a silane rf- 
discharge. We extended this method in order to get 
information on the time dependence of the mean mass 
ratio in the afterglow of an argon/acetylene discharge. 

Theoretical considerations 

When a Langmuir probe is immersed in a 
plasma with negative ions, its saturation current above 
the space potential is given by [1] 

Is=eS[ne(kTe/2nme)m+(Q/e)n_(kTJ2TiMf1l 

where e is the electronic charge, S the probe area, k the 
Boltzmann constant, Q the number of charge of a 
negative ion, and further, ne, me, Te are the density, 
mass, and temperature of electrons respectively, and «., 
M_, T_ those of the negative ions. For the current /s 

measured at a time >lms after rf-discharge-off the 
contribution of electrons can be neglected compared to 
that of the negative ions. 

The positive ion saturation current of a probe 
immersed in such an afterglow plasma composed of 
negative and positive ions is given by 

I+=eSn+(kTJ2nM+f
2. 

} 
One can assume thermal equilibrium T+=T„ because of 
the small mass ratio and because there is no rf-heating 
in the afterglow. In this case the mass ratio, MJM+, can 
be expressed by 

This expression suggests that information on growth 
processes of subnanometer sized particles in rf- 
discharges can be obtained by measuring /+ and /s as a 
parameter of the rf-discharge-on period, t0„, with a 
Langmuir probe in afterglow plasmas. Fukuzawa et al 
measured R_,+ at fixed probe voltages of ±27V: R./+= 
/(t/=-27V)//(t/=+27V). 

However, if there are no electrons, heavy 
particles are not necessarily negatively charged. 

Experimental 

The measurements have been performed in a 
capacitively coupled parallel plate device with a 
heatable ground electrode. We used also a heatable 
probe which was not compensated for the rf- 
modulation. In the experiments with Ar/C2H2 the probe 
was placed near the centre of the discharge volume and 
in the experiments with Ar/H2/W(CO)6 it was placed a 
few mm in front of the rf-electrode. During the 
measurements in Ar/H,/W(CO)6 a conducting film of 
WC was deposited on a substrate and on the probe. 

We have measured the probe current / as a 
function of the probe voltage U and the afterglow time 
/. This leads to a matrix I(U,t) which is obtained in the 
following way: For fixed voltages U„ we measured the 
"time-characteristics" I„(U„,t). From these time- 
characteristics the probe-characteristics In(U,t„) can be 
obtained at a certain time tn in the afterglow. 
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Results 

Fig. 1 shows the probe current measured in an 
Ar/C2H2 plasma (20W rf-power, /on=3.2s, foff=0.32s). 
The measurement starts 0.2ms after plasma-off and 
extends 4.2ms in the afterglow. The voltages range from 
-100V to +100V in IV steps. During the first 0.2ms 
after turning off the plasma the maximum saturation 
current of negatively charged particles /(+100V) drops 
very fast from 6mA to 0.5mA while /(-100V) decreases 
from 0.2mA to 0.034mA. As shown in Fig. 1 these 
values decrease to /(100V,4.2ms) = -150nA and /(- 
100V, 4.2ms) = 3.6uA, respectively, in a time range of 
4ms. 

— 0,5mA 

+ 100V 

-100V 4.2ms t/ms 0.2ms 

Fig. 1 

In the case of Ar/C2H, we varied ton from 0.1s 
up to 6.4s while the plasma-off time tof{ has been kept 
constant at roff=0.32s. In Fig. 2 the data obtained for 
/on=3.2s and 6.4s are shown. In all cases a significant 
increase of R./+ can be observed indicating that the mean 
masses change during the afterglow. Either M+ 

decreases or M. increases, or the negative particles are 
cooled. 

/?(/)./+ is obtained from the mean value of the 
ratio of [I(U,t)II(-U,t)f averaged over the voltage range 
30V-90V. At t=0 the plasma was switched off. 

For /on=3.2s the ratio R./+ increases from 0.06 at 
?=0.5ms to 0.3 at t=4ms indicating that the mean mass 
of positively charged particles is much larger than the 
mean mass of the negatively charged species. Between 
0.5 ms and 1 ms one can see the same behaviour for /?./+ 

at 6.4s. But at larger afterglow times this curve seems to 
reach a saturation value of about 2 showing that M. 
becomes larger than M+ during the afterglow. 

In the W(CO)6 containing plasma we found a 
different behaviour. During the afterglow the ratio R./+ 

increases from a nearly constant value 1 to a value of 
about 7 at 3.5ms. 

A more detailed analysis and discussion will be 
given on the poster. 

V This work was supported by the Deutsche 
Forschungsgemeinschaft, Bonn, under grant Wi-461- 
10-3. 
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Optical absorption techniques used in diagnostics of 
a rotating arc in an electrical circuit-breaker 
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In a previous paper [1], we reported 
about the time resolved electron density and 
temperature measurements of a rotating arc in 
a SF6 electrical circuit-breaker with a peak 
current of 4.8kA. Measurements on this 
turbulent, non-reproducible and moving arc 
were performed by differents methods of 
emission spectroscopy with the assistance of 
photography using interference filters. This 
SF6 plasma is strongly polluted by copper 
ablated from electrodes. Time resolved total 
number of the atomic species present in the 
arc, including copper, were measured. Spatial 
information was also deduced from the 
measurements allowing concentration 
estimates for the different atoms. 

In order to confirm the emission 
measurements, we used also three different 
optical absorption techniques: ' i) self- 
absorption of two FI lines belonging to the 
same multiplet, ii) absorption of a line 
emitted by the arc core by the peripheral 
plasma and, iii) absorption of an external Z- 
pinch radiation [2] by the arc. 

i) The electron density and temperature 
of this plasma are of about 4.1017cm'3 and 
18000K [1], respectively. In these conditions, 
the line broadening is mainly caused by the 
Stark effect which depends mainly on the 
electron density. However the measured line 
profile depends also on the self absorption of 
the line in the plasma. The detailed study of 
this process for two line profiles from the 
multiplet FI 3s4P-3p4D°, which have very 
different absorption coefficient makes 
possible to obtain good estimates of plasma 
thickness and plasma apparent surface. An 
absolute calibration renders also the plasma 
temperature. 

ii) In specific conditions, some Cul 
lines emitted by the arc core are absorbed by 
the cold peripheral plasma. The spectral 
profile of such lines shows an absorption dip 
in the line peak. Calculation of the profile 
with a model allows to determine the copper 
linear density in the peripheral zone. 

iii) Absorption measurements of an 
external radiation by this plasma are very 
difficult to realize because of the refractive 
index fluctuations in the arc chamber. Indeed, 
the laser beam is strongly and randomly 
deflected by the arc and the gas. Nevertheless 
such an experiment was successfully achieved 
with the aid of a high current Z-pinch 
discharge instead of a laser thanks to its 
brightness, its short duration, its spatial 
expanse and its spectral expanse. Spectral 
absorption profiles of the copper resonance 
lines were directly obtained. Copper 
concencentration could be subsequently 
inferred from these measurements. 
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1. Introduction 

An understanding of electron energy distribution 
functions (eedfs) is fundamental to characterising 
plasmas and plasma phenomena. Electrons with energies 
greater than 10 eV are of particular interest since they 
drive processes such as ionisation, excitation and the 
production and excitation of radicals. Electrostatic 
probes have been used for such measurements for many 

-years but are intrusive and can be difficult, if not 
impossible to use in some plasma environments. Optical 
emission spectroscopy appears to offer a simple and non 
intrusive technique for determining electron energy 
distributions [1]. Here we compare measurements made 
using a spectroscopic technique with those made using 
an electrostatic probe technique. 

2. Experiment 

Measurements were made on helium in a capacitively 
driven, GEC (Gaseous Electronics Conference) 
reference reactor. Four spectral lines were chosen by 
virtue of their relative intensities: 471.3 nm, 492.2 nm, 
504.8 nm and 587.6 nm. The values for the ratio of the 
intensities of the spectral lines 504.8 nm and 587.6 nm 
(R0, 504.8 nm and 471.3 nm (R2) and 492.2 nm and 
587.6 nm (R3) were obtained experimentally using a 
spectrometer with a photomultiplier tube detector. 
Based on a theoretical calculation of the dependence of 
R on the electron temperature (kTe), values for kTe were 
obtained. The results were compared to measurements 
made under the same conditions using a compensated 
Langmuir probe technique. 
The experiments were performed, at a power of 40 
Watts, for a range of pressures from 50 mTorr through 
to 500 mTorr. Above 500 mTorr the plasma can no 
longer be considered optically thin, a condition required 
by the theoretical model. 

2. Results 

The spectroscopic results generated from Rb R2 and R3 

show a decrease in kTe with increasing pressure. 
However the values of kTe obtained using R2 were 
consistently greater than those determined using Rj and 
R3. The R2 determination might be expected to be the 
more accurate since the excited states are populated 
only through electron impact. Results obtained using 
Langmuir probe techniques demonstrated the same 
pressure dependence. However, the probe-determined 
values of kTe lay between those obtained from R2 and 
R3. Typical of the results are those at 300 mTorr. 
Values of 1.3, 5.6 and 2.7 eV were derived for kTe from 
R1( R2 and R3 respectively. The probe measurement was 
4.2 eV. 
The spectroscopic data was generated using spectral 
lines originating from states requiring a threshold 
electron energy for excitation from the ground state of 
21 eV. The measured eedfs were basically Maxwellian. 
However at energies greater than 15 eV, they dropped 
more rapidily than would be expected for a Maxwellian 
distribution. This may account for the discrepancy in 
the magnitude of the values for kTe determined by the 
two procedures. More work is planned to modify both 
techniques through further experiment and 
computational modeling, to look specifically at high 
energy electrons. 
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Experimental investigation of the interaction of a C-SiC wall 
with a low pressure C02-N2 plasma jet 

P. Boubert, L. Robin, P. Vervisch 
UMR 6614 CNRS CORIA - 76821 Mont-Saint-Aignan Cedex, France 

Currently, information on chemical reaction processes 
and radiative properties around hypersonic flight 
vehicles is very scarce for atmospheres different from the 
earth atmosphere. The present paper investigates the 
interaction of a C02-N2 low pressure plasma flow with a 
C-SiC material. The aim of this work is to identify the 
ma;n processes contributing to the heating of a thermal 
protection material during a Martian atmospheric entry. 
Measurements were performed in a laboratory wind 
tunnel. An equal mass-fraction C02-N2 gas mixture is 
heated up by an electric arc between a cooled carbon 
cathode (in the heating chamber) and a carbon insert 
sintered into a copper nozzle that serves as anode. Thus 
metallic pollutions are eliminated. The arc current is 
100 A corresponding to a 9 kW power for a flow rate of 
12 l.min"1 at STP. The pressure inside the vacuum tank 
is 1 mbar. The C-SiC material is located on the axis of 
the expanding flow, perpendicular to the velocity field, 
10 cm downstream from the nozzle exit. 

For the characterization of the plasma "different 
measurement techniques have been used 
In the 350-800 nm spectral range, the intensity of the 
plasma is measured with a 1.5 m Sopra spectroscope 
using a grating with 2500 grooves per mm coupled with 
a multichannel array of photodiode detectors. 
The main spectral features are provided by the violet and 
red systems of the CN radical. For those systems a 
vibrational and rotational temperature is determined by 
the comparison of the experimental evolution with a 
calculated spectrum. The 777 nm atomic oxygen line is 
the only atomic line detected. 
Working in monochromator mode with an EMI 
photomultiplier in detection gives a greater sensitivity. 
This has allowed us to detect small signals due to the 
usual N2

+ first negative system and the C2 Swan system, 
which indicate that there are traces of these elements, but 
no atomic nitrogen lines have been detected. 
Alm Jobin-Yvon UV scanning monochromator (4500 
grooves/mm grating) with a Hamamatsu UV photo- 
multiplier detection was employed to analyze the 190- 
300 nm spectral range. 
In emission, the strong radiation at 193 and 248 nm, 
which increases near the C-SiC sample, is well 
identified as associated to transitions of atomic carbon 
Also close to the C-SiC sample, a large emission from 
the 3p2 ¥-45 3P° Si atom transitions near 250 nm is 
detected (Si(3P)=3xl012 part.m"3) accompanied by the 
A'lT-X'z* emission band of the SiO radical. The 
remaining spectrum is dominated by the e, 7, 5 systems 
of NO. 
LIF spectroscopy of the (D-X) NO electronic transitions 
has been applied to detect NO species. 

The light source was a LPX150T Lambda Physik 
tunable ArF excimer laser which produces 15 ns 
halfwidth 150 mJ pulses. The laser is tunable over 320 
cm"1 with a bandwidth of 0.3 cm'1. The spectral filter 
used for fluorescence detection was a 0.5 m Jobin-Yvon 
spectrometer. 
In the present low pressure experiment, quenching 
processes are negligible and a good confidence in the 
NO population density measurements can be expected 
The rotational temperature is deduced from the two lines 
thermometry method. 
An order of magnitude of the CO population density 
was also derived at 193 nm by three photon photolysis. 
This multiphotonic process which dissociates CO is 
enhanced by the coincidence between the laser 
wavelength and the spin forbidden aTI-X1!* one photon 
transition. Atomic fragments which are produced in the 
ArF photolysis of CO are detected by monitoring the 
248 nm resulting line of the carbon atom 
Usual Langmuir probe devices were implemented to 
determine electron temperature and density. 
Finally the local distribution of the sample temperature 
is deduced from the intensity field measured by an 
infrared thermography system. On the axis of the plasma 
jet, the surface temperature of the C-SiC sample is 
1600 K. 
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Fig. 1. Measured temperatures in the boundary layer 

The main species present in the free stream of the 
plasma are C02, CO, N2 and O. The absence of atomic 
nitrogen lines in the spectrum seems to indicate that the 
concentration of nitrogen atoms is low. 

XXin ICPIG ( Toulouse, France ) 17 - 22 July 1997 



IV-153 

The orders of magnitude for the CN, NO and CO mole 
fractions in the mixture are respectively 5xl0"3, 10"4 and 
3x10''. 
The NO(X) rotational temperature is about 2500 K in 
the free stream above the sample. In the boundary layer 
this temperature decreases with the distance over the 
plate and tends toward the measured surface temperature 
indicating a rotational equilibrium at the kinetic 

. temperature (Fig. 1). 
i 

In opposition, the evolution of rotational population 
density of CN electronic levels B2Z" (T,ot=7500 K) and 
A n (Trot=4000 K) indicates a thermal nonequitibrium 
of their rotational degree of freedom 
Similarly, a large vibrational temperature excitation fcr 
these two electronic levels is observed: the vibrational 
temperatures are respectively 12500 K and 6000 K fcr 
the B £' and A2n levels, remaining unchanged in the 
boundary layer. 
The ionization degree is about 1.5 10'" and the electrons 
are in thermal nonequilibrium with heavy particles. In 
the plasma free stream, the electron temperature is about 
5500 K and has no significant change in the boundary 
layer. The corresponding electron population density 
remains constant down to two millimeters above the 
surface (the location of the last point of measurement). 
The CO mole fraction has no significant change in the 
boundary layer, indicating either a low catalytic 
efficiency or the result of the competitive opposite 
processes: 

CO + o. -»co2 
C + 02 -> CO + o 
C, + O -> CO 

where s denotes atoms present in the solid phase, all 
other species are in the gas phase. 
Conversely, in the extension of the boundary layer 
(1 cm) the O, CN and C population densities increase cf 
about one order of magnitude as the distance to the wall 
decreases (Fig. 2). This cannot result from homo- 
geneous reactions and has to be imputed to wall 
reactions. 
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The first result is the carbon atom production at the 
wall: the calculated equilibrium vapor pressure of ihe 
carbon compound at the actual wall temperature is 
favorable to the carbon atom sublimation rather than the 
formation of C3 and C2 radicals. However, the 
equilibrium concentration of carbon atoms is fer much 
smaller than the measured one. Then, adsorbed atoms 
on the surface are probably responsible for the 
enhancement of carbon ablation. Nevertheless, in 
contrast to a graphite sample which showed an extreme 
erosion due to its strong catalycity, the C-SiC sample 
was found to have a very low erosion rate caused by the 
detected free carbon and silicon. There is nearly no mass 
loss during the test. The amount of SiO molecules 
detected close to the wall owing to the oxidation 
process Si, + O -» SiO shows that passive oxidation 
by SiOj is not predominant. 
NO and CN are the main nitrogen compound species 
created on the C-SiC material. The NO mole fraction 
near the wall is about 10'3. This small amount of NO is 
expected to be due to the recombination of O atoms 
with nitrogen atoms adsorbed on the sample: 

O + N, -> NO 
The large value of the CN mole fraction measured close 
to the wall (about 5.10"2) is more difficult to explain. 
First, in current experiments the concentration of carbon 
atoms in the gas phase is too low to have an efficient 
production by the reaction channel: 

C + Ns -> CN. 
Second, the  CN  molecules could result from the 
process: 

N + C, -» CN 
But,  an excessively high concentration of nitrogen 
atoms   would   be   required   to   explain   the   high 
concentration of CN measured. 
In fact, an explanation may be found if the dissociative 
sticking probability of N2 is significantly enhanced by 
the vibrationaly excited N2 molecules impinging on the 
surface. With this hypothesis the.CN radical would be 
created by the two step reaction: 

N2(v) + wall -» Ns + Ns 
Ns + C -> CN 

Future measurements in the 120-190 nm spectral range, 
where the nitrogen and oxygen atom concentration can 
be obtained by absorption measurements on the resonant 
lines, will provide more information. 

In conclusion, this note emphasizes the interest of 
accurate measurements of species concentrations to study 
in detail the interaction processes on a thermal 
protection material. 
Further measurements are underway to obtain an 
exhaustive analysis of the interaction of the C02-N2 

plasma with the C-SiC sample. However, current results 
underscore the diversity of species behaviors at the wall 
and the importance of an accurate knowledge of the 
plasma composition in catalycity tests in high enthalpy 
wind tunnels. 

Fig. 2. Measured species evolution in the boundary layer 
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BOUNDARY WALL EFFECTS ON NEUTRAL DYNAMICS IN MICROCAVITIES IN AIR 

O.Eichwald, M.Jugroot, M. Yousfi , P. Bayle* 

CPAT, ESA du CNRS n°5002, 118 Rte de Narbonne, 31062 Toulouse Cedex, FRANCE 
*CEMES-LOE, 29 Rue J.Marvig, 31055 Toulouse Cedex, FRANCE 

1. Introduction 
The spatio-temporel evolution of a discharge in a 
micro-cavity is influenced by the proximity of the 
walls: the energy injected is confined in a small 
volume and cannot be dissipated by pressure waves 
as in an unbounded discharge. Therefore, 
temperature and neutral density heterogeneities 
created by the dischaige is not only conserved but 
are also amplified due to reflections on the walls. 
The energy is dissipated by viscous effects and 
thermal exchange at the surface. Hence, the geo- 
metry of the micro-cavity plays a significant role 
on neutral dynamics induced by the discharge. We 
study the influence of walls in micro-discharges 
observed [1] in two different geometries: 
i)cylindrical with a diameter of 0.5mm and a gap 
distance of 0.5mm ii) cubic of side 0.5mm. The 
discharge occur in air at atmospheric pressure and 
at ambiant temperature. The duration of current 
impulsion is 120ns with a maximum of 5mA 
corresponding to a maximum power of 12Watts. 

2. Description of the model 
The evolution of the neutral gas is described by the 
hydrodynarnic equations for a compressible and 
viscous fluid coupled to the equation of state of a 
perfect gas [2-3]. The gas-solid interface take into 
account thermal exchange in the boundary layer. 
The walls and neutral particles on them are 
assumed to be cold. The assumption of flow 
resistance on the surface of micro-cavity gives a 
viscosity which increases with velocity gradients 
[4]. The effects of the discharge on the fluid 
particles are simulated by a thermal energy 
injection function and by a direct transfer 
momentum function. The system of transport 
equations is solved by a powerful and optimized 
tri-dimensional MUSCL method [5] (with a 
rotational symmetry in the cylinder microcavity) 
with no Time Splitting and a non-uniform meshes. 

3. Resultats 
Under the thermodynamic effect of the discharge 
(which presents rotational symmetry), the gas is set 
into motion. During a first phase, short in time and 
before the impact with the lateral surfaces, the gas 
moves freely and the processes are identical for the 
two geometries because the injection conditions are 
the same. The neutral gas temperature increases 
sharply with a maximum of 600K ,at the end of 
injection (120ns). The thermal shock is 
accompanied by an increase in pressure (1500Torr) 

in the core of the discharge. The pressure gradients 
are mainly radial and as soon as there are 
sufficiently high there initiate a radial motion of 
the gas. It is superimposed to the axial motion 
created by momentum transfer. Near the electrode 
surfaces boundary effects appears rapidly (figl) 
with high temperature gradients and an increase of 
neutral density. In the formed boundary layers, 
there is a heat exchange between gas and surface. 
Furthermore, viscous effects and high pressure 
gradients parallel to the electrode induce a slip 
along the walls (fig2). In a second phase, after the 
energy injection and before the return of 
equilibrium, the gas perturbation is a result of wave 
propagation and successive reflections on the walls 
more particularly on the lateral ones. During this 
phase, the geometry of the micro-cavity plays an 
important role in the state of the gas. In the 
cylindrical micro-cavity, the rotational symmetry is 
conserved during the successive reflections. At 
every time, the combined parameters of the gas 
(temperature, density and velocity field) have this 
symmetry and we observe a globally uniform 
movement of return waves after each impact on the 
wall (fig3-4). In a cubic micro-cavity, the 
cylindrical symmetry vanishes immediately with 
the first reflection on the wall. The rupture of 
symmetry is accentuated by a mechanism of 
delayed reflection in the corners which increases 
the heterogeneity of the gas since this effect 
appears at each arrival of pressure waves on lateral 
walls. Hence, this delay in reflection induces an 
accumulation of neutral density in the corners 
(fig5), even though the movement of return toward 
the > axis is initiated (fig6). The neutral 
accumulation in the corner is redistributed both in 
the volume of the cavity towards the axis and along 
the wall by slip effect. 
In the two geometries, the memory effect of the 
discharge is conserved with a minimum in neutral 
density and a maximum in temperature in the 
injection zone. 
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Figl:    Temperature   profile   in   a   cubic   and 
cylindrical micro-cavities for t=360ns. 
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Fig2: Velocity field in a cubic and cylindrical 
micro-cavities for t=360ns and vmax=40m/s. 
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Fig3: Density of neutral for two different times in a 
cylindrical micro-cavity: a) t=640ns, b) t=960ns. 
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Fig4: Velocity field for two different times in a 
cylindrical micro-cavity: a) t=640ns and 
vmax=19m/s, b) t=960ns and vmax=49m/s. 
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Fig5: Density of neutral for two different times in a 
cubic micro-cavity: a) t=820ns, b) t=1200ns. 

0.05 h 

-0.05   0.05    0.15    0.25    0.35    0.45    0.55 

Fig6: Velocity field for two different times in a 
cubic micro-cavity: a) t=820ns and vmax=35m/s, 
b) t= 1200ns and vmax=45m/s. 
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Distributions of Plasma Parameters 

in a Sputter Discharge 
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1. INTRODUCTION 

It ie well known that a sputter discharge is 

one of the most useful technique for thin film 

fabrications. Many types of cathode materials 

are used usually for these purpose in the dis- 

charges. It is important to obtain the high 

quality films with large area for industrial 

applications. The requirement for the film 

propertiesdependson strongly the spatial dis- 

tribution of the plasma parameters. In sputter 

processing.therefore it is necessaryto monitor 

and control externally the plasma parameters 

during the discharge. Here we investigate 

experimentally the sputter discharge, in which, 

lanthanum hexaboride(LJB6) is applied for the 

cathode material. The application of LaB6 for 

the cathode was proposed at first to obtain a 

low outgassing wall for a plasma vacuum 

chamber. The experimets showed that the LaB6 

coating by the sputter discharge on a stainless 

steel wall is apparently effective to reduce the 

oxygen impurities in discharge gases. To 

control oxygen amounts in the discharge is 

expectedfor the wall conditioning for various 

clean vacuum devices. It is obvious that the 

cathode materials depend strongly on the 

created film properties and vacuum 

conditions.Many studies   and developments 

have been carried out on these problems'1'. 

Here.we inves- tigate experimentally 

properties of plasma parameters during a 

sputter discharge. 

II. EXPERIMENTAL DEVICE 

The cross sectional view of the experimental 

apparatus is shown schematically in Figs.l.The 

sputter discharge experiment is done in the 

chamber, which is made of a stainless steel and 

has a diameter of 98 mm,300 mm in length. 

In the center of the main chamber the 

gas inlet 

C : LaBs Cathode 

LP: Langmuir Probe 

EP : Emissive Probe 

Pump 

W:Anode 

Fig.1. Experimental Device 
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lanthanum hexaboride(LaBg) disk with a dia- 

meter of 50 mm and 5 mm in thickness is 

arranged for the cathode electrode. The anode 

electrode is the stainless-steel wall surface of the 

discharge chamber. The sputter discharge occurs 

between the LaB6 disk cathode and the chamber 

wall.   The applied DC voltage is 300-2000 

Volts.   The experiments were carried out in 

pressures of 5-200 Pa Argon gase. The sputter 

discharge parameters of the electrode voltage Vd 

and the total discharge current Id are monitored 

with usual methods. In the chamber, elecrostatic 

probe(Langmuir probe) for measurements of the 

plasma parameters is set and can be moved 

externally along the plasma region. From the 

probe measurements, local electron density, 

electron temperatute are deduced. The plasma 

space potential of the sputter discharge is 

measured by using an emissive probe. The small 

sample substrate for XPS measurements is also 

installed near the wall electrode. Corellations 

between partial pressuresand plasma parameters 

are also analyzed by QMS measurements. 
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III. EXPERIMENTAL RESULTS 

The most characteristic point of this 

experiment is to apply the LaB6 electrode for the 

sputter discharge. We use the LaB6 cathode to 

sputter the boron and create the boron like films 

on the chamber wall.   Figure 2 indicates the 

electron density distributions which is plotted 

the saturatin current Is where the electron 

temperatureis almost constant in this case. The 

discharge conditions of the initial argon pressure 

is P=10 Pa. The discharge parameters obtained 

here are Vd=0.9-1.2 kV, discharge current 

Id
=30-70 mA.   The electron density near the 

cathode is estimated to be (3-5)xl010 particles 

/cm . The electron temperatureis 3-4 eV and is 

not affected remarkably by the discharge 

conditions.  Figure 3 shows the XPS signals. 

The signals of La4p3/2, Bis, Ols  and Cls are 

detected from the sample after the exposure to 

the sputter discharge plasma with LaB6 cathode. 

REFERENCES    (1)   F.Waelbroeck,. Vacuum, 39, 821(1989). 

(2) J.Winter, J. Nuclear. Materials, 176&177, 14(1990). 

(3) T.Mori, K.Akaishi, Y.Kubota, O.Motojiraa,  M.Mushiaki, 

Y.Funato; J. Nuclear Materials, 200, 385(1993). (4) 

M.Mushiaki, K.Akaishi, T.Mori, Y.Kubota,   Y.Funato and 

O.Motojima, Material Science and Engineering,A163,177(1993). 
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Near-electrode layers originating at magnetized plasma acceleration 

S. F. Garanin 

All-Russian Research Institute of Experimental Physics, 37 Mir Avenue, Sarov, 607190, Russia 

1. Introduction 

The magnetohydrodynamic (MHD) approach is widely 
used for describing various dynamic plasma devices. 
MHD   approach   validity   is   determined,   generally 

c 
speaking, by a smallness of the parameter c =  

(L is a characteristic spatial scale of the flow). For 
£ « 1 the plasma flow can be described by the ideal 
MHD equations and the effect of the electrodes 
confining the plasma region by the boundary conditions 
that for the magnetic field parallel to the electrodes 
reduces to an ideal sliding condition. Near the electrodes 
the plasma moves therewith along them accelerating or 

decelerating under the Lorentz force action  — [jB] 
c 

n    %K P (plasma is considered cold, p = — « 1 ). Near the 
B" 

plasma-surface interface near-boundary layers arise (see 
[1,2] and references herein) where plasma viscous 
heating and cooling due to heat conduction take place. 
The Hall effect can play an important role in these layers 
bringing a magnetic flux to the anode that leads to 
plasma rarefaction in the near-anode region and bringing 
it off the cathode that results in plasma compression in 
the near-cathode region. 

2. ID problem 

Assume that the near electrode layer thickness is small 
as compared to the characteristic dimensions of the 
complete MHD problem. Then for this layer a time- 
dependent one-dimensional problem can be considered 
where all values depend only on the coordinate 
perpendicular to the surface and on time. 

Assume that far from the electrodes plasma is 
homogeneous and has the density n0 =1.5-1017 cm"3, the 

temperature ro=2eV, the magnetic field 50=105Gs 
parallel to the electrode surface and constant current 
density _/=±2.4-10lj (the signs + or - correspond to the 
anode or the cathode) perpendicular to the surface. 
These conditions approximately correspond to those in 
the region of the MAGO plasma chamber [3] nozzle. 

Denote the coordinate perpendicular to the surface as 
X , assume the magnetic field as directed along z, then 
the electric field and velocity attained by plasma will be 
directed along y. 

As the layer under consideration is assumed sufficiently 
thin, one may assume that along x the total pressure has 
time to become uniform, i. e. 

,2 
B r> 

ZK 
0  ' (1) 

the total pressure P0 depends only on time (we will 

actually solve the problems where PQ is constant, while 

density «0, temperature T0 and magnetic field BQ 

slightly^ change due to Joule heating and thermal 
expansion). Besides (1), the near-wall layer dynamics 
will be determined by the following MHD equations: the 
equation of motion for the velocity along y taking into 

account the action of force — [jB] and viscosity, the 
c 

equation for magnetic  field and equations  for heat 
transport for ion and electron plasma components taking 
into account finite electrical conductivity,  Hall  and 
Nernst effects, ion and electron heat conduction, heat 
transport by current and electron-ion energy exchange. 
These  effects  depend  on  the  plasma  magnetization 
degree and are determined by formulas [4]. 

At distances from electrodes less than the ion Larmor 
radius we also took into account the kinetic ion flows 
into the wall and thereby additional "abnormal" 
viscosity and heat conduction. 

3. Near-cathode layer 

The plasma mass which looses the magnetic flux and is 
squeezed to the cathode is determined by the relation 

\j\t 
\ndx- (2) 

For small times, as long as plasma viscosity and viscous 
heating-are insignificant, this mass will accumulate in 
the layer whose thickness is determined by magnetic 
diffusion and electron heat conduction. Equating these 
coefficients and taking into consideration (2), one can 
obtain self-similar dependencies of the basic plasma 
characteristics on the problem parameters and time, with 
plasma density and thickness of this layer increasing 
with time as 

.3/8 .5/8 
(3) 

At the next stage when viscous heating becomes 
essential the ion temperature is determined by viscous 
heating due to plasma friction against the wall and 
increases as the square of time, while the viscous zone 
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scale will be determined by the ion Larmor radius. For 
illustration of this stage of the near-cathode layer 
evolution in our ID problem Fig. 1 presents profiles of 
the values pertaining to time / = 1 us, when the bulk 
plasma velocities equal v^ =1.610s cm/s . 

«,10"cm-3 

v, 10s cm/s 

Fig. 1. Near cathode plasma ion and 
electron temperatures, density and velocity 

4. Near-anode layer 

At the initial phase of the near-anode layer evolution in 
the MHD approximation plasma is pushed out of the 
electrode surface due to the magnetic flux coming to the 
surface. The time dependence of the principal plasma 
parameters will be described for small times, like in the 
near-cathode layer, by self-similar formulas (3) with the 
difference that instead of t we have to substitute 

110 — 11 , where t0 is some time, i. e. in this 
approximation density drops down to zero during a 
finite time. However, according to the problem 
conditions, current continues to flow through this layer. 
A way out from this contradiction is only by attaching 
additional kinetic effects and considering small problem 
scales for which the MHD approximation, strictly 
speaking, is not valid. We do this taking into account 
electron inertia, i. e. considering the scales ~ CI CO     . 

Then the near-anode region will contain plasma of a 
low, but non-zero density. 

The ion viscous near-anode plasma heating may lead to 
appearance near the anode of considerable electric fields 
proportional to ion pressure and perpendicular to the 
surface. Voltage differences along the surface may lead 
to magnetic flux flow along the anode and bring the 
magnetic flux out of the near-anode layer. This 2D 
effect was qualitatively taken into account in our ID 
computations in the form of magnetic flux losses 
through the anode surface (a relevant electric field on 
the boundary was set). 

Fig. 2 presents profiles of temperatures, density and 
velocity for the same time t = 1 us, as for the near- 
cathode layer (Fig. 1). Fig. 2 shows that the density 
decrease in the near-anode layer is not very significant 
(due  to   the  magnetic   flux  bringing   out  along  the 

electrode) and, as a result, for large times plasma 
velocities in the near-anode layer are not higher, than 
those for the bulk plasma. For large times the 
characteristic ion temperatures in the near-anode layer 
are determined, like for the near-cathode layer, by 
squared plasma velocity and characteristic spatial scales 
by the ion Larmor radius. 

7\keV 
n,l0"aa3 

v, 108cm/s 

Fig. 2. Near anode plasma ion and electron 
temperatures, density and velocity 

5. References 

[1] K. V. Brushlinsky and A. I. Morozov, "Calculation 
of 2D Plasma Flows in Channels," Reviews of Plasma 
Physics, Vol. 8 (Atomizdat Publishers, Moscow, 1974), 
p. 88. 

[2] S. F. Garanin and V. I. Mamyshev, Fiz. Plazmy, 16, 
1218(1990). 

[3] A. M. Buyko, G. I. Volkov, S. F. Garanin et al., 
Dokl. Akad. Nauk, 344, 323 (1995). 

[4] S. I. Braginsky, "Transport Processes in a Plasma," 
Reviews of Plasma Physics, Vol. "1 (Consultants Bureau, 
New York, 1965), p. 205. 

XXni ICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-160 

Surface and Volume Kinetics of 0(3P) atoms in a Low-Pressure 
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1.    Introduction 

A renewed interest has been devoted to the study 
of low-pressure discharges in pure 02 and in 02 

with N2 impurity, due to the broadening use of 
oxygen plasmas in several fields, such as etch- 
ing and surface treatment of polymers, nitric 
oxides synthesis or silicon oxidation. For in- 
stance, the plasma-assisted oxidation of silicon us- 
ing microwave-excited 02 is one of the most promis- 
ing methods to form Si02 films with very small 
damages on the substrate produced by the charged 
particles [1]. Moreover, since O atoms are the ac- 
tive species in most of the applications, the study of 
dissociation of molecular oxygen is a field of current 
interest. The concentration of O atoms has been 
found to be enhanced by the addition of N2 impu- 
rity into 02 gas, either in the case of microwave 
discharges [1,2] or in DC discharges [3,4]. Here, 
measurements of O-atom concentrations in a 02- 
N2 microwave discharge are compared to the pre- 
dictions of a self-consistent kinetic model including 
both surface and volume processes. It is shown that 
wall atom reassociation is the dominant process to 
control the degree of dissociation, so that rather 
than an increase of the rate of dissociation, the de- 
pendence of O-atom concentration on N2 impurity 
is due to a surface phenomena. 

2.    Experiment and kinetic model 

A microwave discharge at W/2JT=2.45 GHZ was cre- 
ated in a quartz tube 100 cm long and 0.8 cm inner 
radius. The discharge input power was kept con- 
stant at P=100 W, which corresponds to a plasma 
length of approximately 5 cm. The concentration 
of O atoms has been measured near of the end of 
the discharge by using the electron spin resonance 
method [5], with a spectrometric calibration as de- 
scribed in [6]. 

A kinetic model for a low-pressure microwave dis- 
charge was developed by coupling the homogeneous 
electron Boltzmann equation, under the effective 
field approximation, to a system of rate balance 
equations governing the populations of the domi- 
nant neutral and charged species in,a 02-N2 dis- 
charge, which includes the self-consistent determi- 
nation of the maintenance reduced electric field. 

Both volume and wall processes are considered in 
the model. In what concerns the latter, catalytic 
surface effects are taken into account for the het- 
erogeneous deactivation of the vibrationally excited 
molecules N2(X ^J.v) and for the wall recombi- 
nation of O and N atoms. Whereas the processes 
of vibrational deactivation and recombination of N 
atoms are assumed first-order with constant proba- 
bilities independent of the composition of the mix- 
ture due to the small percentage of N2 impurity, the 
probability for wall losses of O atoms, y0, is derived 
here using a statistical Monte Carlo like simulation 
of a sequence of elementary surface processes. 

3.    Surface kinetic model 

The model includes steps for adsorption and des- 
orption of O and N atoms, irreversible adsorption 
on active sites of O and N atoms and of 02 and 
N2 molecules (that is dissociative chemisorption), 
surface diffusing of reversibly adsorbed atoms, and 
both recombination due to the direct impingement 
of atoms from the gas phase on chemisorbed atoms 
(Eley-Rideal mechanism) and recombination of dif- 
fusing atoms with chemisorbed. atoms (Langmuir- 
Hinshelwood mechanism). A reversibly adsorbed 
atom can either diffuse to the nearest site or can 
be desorbed back to the gas phase. The surface 
is covered with a small fraction of active sites of 
two types, which can bound irreversibly O and N 
atoms separately. The independent occupation of 
the active sites by O and N atoms can occur as a 
result of dissociative chemisorption of 02 and N2 

molecules, by atomic flows comming directly from 
the gas phase, or by surface diffusing of a reversibly 
adsorbed atom. 

In practice, due to lack of data the coverage of ac- 
tive sites is governed by two independent Langmuir 
adsorption isotherms. In the present conditions, 
the L-isotherm for the occupation of irreversible 
sites by O atoms is found saturated, while for the 
atomic impurity it stands in its increasing part. In 
this latter case, the occupation of the irreversible 
adsorption sites with N atoms is mainly governed 
by dissociative chemisorption. On the other hand, 
the reversibly adsorbed atoms are trapped in an 
adsorption well of energy Ed, which is assumed to 
decrease in the vicbity of dislike atoms due to a 
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Fig.l - Probability of O-atom recombination on quartz 
for two L-isotherms (see text). 

lateral repulsive interaction. This effect has been 
proposed for interpretation of experiments involv- 
ing the adsorption of O and H atoms on Ni(llO) 
[7]. Thus, the desorption energy for a O atom sur- 
rounded by a N atom is significantly lower than 
that corresponding to a 0-0 interaction between 
two neighbouring cells, which originates a higher 
probability for desorption in the first case. The 
probability jo rapidly decreases with the concen- 
tration of N2 impurity due to a smaller efficiency of 
the Langmuir-Hinshelwood mechanism. This inter- 
pretation is suported by [8], where the decrease of 
Jo due to the adsorbed N atoms at a glass wall is 
evidenced in the afterglow of a O2 pulsed discharge. 
Finally, this model also includes formation of NO 
molecules on the wall. 

4.    Results 

Fig.l shows the probability 70 calculated using two 
L-isotherms for irreversible occupation of N active 
sites. The sharp decrease of 70 in the range 0—0.5% 
[Na]/[02] is governed by the magnitude of the re- 
pulsive potential for the O-N lateral interaction, 
whereas the position of the minimum is mainly de- 
termined by the L-isotherm. Both functions along 
with the final magnitude found for 70 are obtained 
from a fit of the model predictions for the con- 
centration of O atoms to the experiment. Fig.2 
shows the measured [O] concentrations obtained in 
a w/2ir=2.45 GHz microwave discharge in a quartz 
tube of inner radius R=0.8 cm at p=5 Torr and 
P=100 W, and the predicted concentrations calcu- 
lated for the same values of W/2T, R and p, three 
different values of the electron density in the dis- 
charge ne=10u, 3.8xlOu and 5xlOucm-3, and 
T,=800 K and T«,=400 K for the gas and wall 
temperatures, respectively. Using the present for- 
mulation the power absorbed by the, electrons per 
length unit, Pyn^/dz, is derived from the model. 
The magnitude of 70 has been obtained by fitting 
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Fig.2 - Measured and calculated [O] concentra- 
tions for p=5 Torr, and n,.=10u(A), 3.8xlOu(B), 
5xlOucm~3(C) (theory), for the two L-isotherms as 
in fig.l. 

Fig.3 - Predicted power absorbed per length unit as in 
fig.2. 

the calculated [O] concentrations using the central 
value ne=3.8xlOncm~3. This choice has been dic- 
tated from the comparison between the predicted 
values of dPjtj./dz, shown in fig.3 as a function 
of the fractional N2 concentration, and those esti- 
mated in the discharge ~20 Wem-1. 
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1. Introduction 

In the contribution we report on our study of a two- 
electron temperature plasma flowing to a floating 
collector surface. Specifically, we are investigating its 
floating potential dependence on various plasma 
parameters.The analysis should apply to the exposed 
surfaces in any low pressure, low temperature hot 
cathode discharge plasma. 

2. Theoretical analysis 

The plasma system, bounded by a plasma source (x=0) 
and a collector (x=L) is modelled after Schwager and 
Birdsall [1]. We add in the system a second hot 
electron component characterised by a truncated full 
Maxwellian velocity distribution function, feh, given by: 

^(^K) = ^^ffl^:T"JH^-^W)  (1) 

In Eq.(l) n0eh is the hot electron density of the full 
Maxwellian source,   y/  is the normalised potential 

tis 
ed>                                                             I rn 
—?-; V is normalised electron velocity v /  

the ratio between hot electron temperature Teh and 
cold electron temperature Tec; and H is the Heaviside 

step function with   VMe (x) = -y]y/(x) - y/c    as  the 

normalised velocity of the fastest returned 
electron; y/c is the floating potential of the collector. In 

order to calculate the collector potential y/c and source 

sheath potential drop y/p, we characterise the 

potential between the source and collector sheaths by 

VVP=0.    Setting    the    net    charge    to    zero, 

ni \Wp ) = nec \Wp ) + neh \Wp )' we obtain the expression 

which relates y/c and y/P : 

roexpl 
.*, erfc , - 

WP 
= exp! (WP)- 

■ [1+erf(V^p - Wc )] + ßo^P{-f 

1 + erf 
yfw7 ■Wc 

(2) 

We obtained the ratio y0 of the ion and cold electron 

plasma source densities from the assumption of zero net 
electric current (floating collector): 

1 
Yo =■ exp(^c) + /?0VFexp(^ 

Vc 
(3) 

In Eq.   3   fi     denotes  ion  to  electron  mass  ratio 

and r = ; /?„  is the hot electron to cold electron 

plasma source density ratio. 

A second equation relating y/c and y/p is obtained by 

assuming zero electric field at y/P . According to 

Poisson equation we integrate the zero net charge 
expression: 

Vr 

\ [«, (w) -nec (v) -nth (yrtyyr = 0 

The resulting relation is: 

1 - 2il — - expl —-1 erfc 
nx 

-VP 

(4) 

(5) 

-1 - erf^-^c) + exp(^p ){l+erf(^ - ^c )J + 

exp(^c\pYc ~ylVp-Yc) ■in 

+&* 

■1-erf 
-Wc + il+erf 

Wp-Wc 

(WP 
x exp 

_2_ 

V t J   \fc 

The simultaneous solutions 

¥T) 
Wc Wp-Wc 
t 

of Eqs. (4) and (5) are 
shown as plots of y/c and y/P as functions of mass 

ratio for temperature ratio r = 0.1, in Fig.l. For 
comparison the curves from [1], ß 0=0, are added. 
In Fig .2 the dependence of both potentials on 
temperature ratio r is shown for argon plasma with cold 
electrons , ß0 = 0, and with hot population added, 
/?o=0. Lit can be observed that the potential drop through 
the source sheath varies very little with composition 
ratio and mass ratio, while it depends slightly on 
temperature ratio. The collector floating potential as a 
function of hot to cold electron composition ratio in 
argon plasma, for two values of electron temperature 
ratio, is shown in Fig. 3. It is mainly dominated by hot 
electrons, since already a small value of hot electron 
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current is sufficient to compensate the ion saturation 
current. 

Fig. 1. The potentials y/c and y/p as functions of ion 

mass ratio. 
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Fig. 2. The potentials y/c and y/p as functions of ion 
to cold electron temperature ratio for argon plasma. 

3. Simulation and experiment 

A PIC simulation code XPDP1 composed at Berkeley 
[2] was used to study the plasma system. The set of 
fixed and variable parameters were similar to those 
used in [1], A second hot electron population was 
added to the input file and the mass ratio for argon 
plasma was utilised. A typical potential profile which 

evolved in these simulations is shown in Fig.4. It is the 
collector potential which is strongly influenced by 

Vc 

0.001 0.01 0.1 
ßo 

Fig. 3. ^Collector floating potential as a function of 
electron density ratio for argon plasma. 
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Fig.4. Simulated potential profile in argon plasma 

the addition of hot electrons to the plasma. The values of 
potentials obtained from simulations for various of 
parameters fi, r, ß0 are included in Figs. 1., 2., 3. They 
are in accordance with the results from theory. Also 
included in Fig. 3. are the measured floating potentials 
of a collector electrode in our laboratory hot cathode 
discharge plasma described already elsewhere [3]. By 
changing the working gas pressure in the system, we 
were able to control the partial density of primary (hot) 
elektrons in the plasma. The experimental values fit the 
theoretical and simulation results very well. 
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Introduction 
The interaction between a plasma and microprotrusions 
on cathode surfaces is modelled numerically [1]. 
Taking into account the statistical nature of protrusion 
geometries, this kind of cathode-plasma interaction is 
thought as to be the key to the understanding of cathode 
spot ignition in glows and diffuse arcs, and the motion 
(prograde and retrograde) of cathode spots in vacuum 
arcs. The 3-dimensional time-dependent model used in 
this work allows a detailed investigation of the nature 
of this interaction. Of particular interest are the ignition 
of emissive behaviour as a function of tip geometry and 
plasma density, and the physical processes governing 
emission and erosion. The role of the physical 
processes can be used to classify four major types of 
emitters, with smooth transitions between their 
emissive and erosive behaviour, respectively. 

Description of the model 
The heating of ellipsoidal three-dimensional (3-D) 
model microprotrusions in contact with a hydrogen 
plasma is simulated in order to achieve the time- 
dependent behaviour in terms of electron emission and 
erosion. Use is made of the rotational symmetry in 
order to reduce the computational problem essentially 
to a 2-dimensional one. The electron density is varied 
in the range of 1014 to 1017 cm'3 in order to account for 
many technically relevant plasmas, including the 
vicinity of cathode spots. The electric field in the 
cathode fall region and at the surface of the protrusion 
is calculated from the MacKeown and Poisson's 
equations, assuming a plasma bias (= cathode fall 
voltage drop) on the order of 300 V. 
The emission processes considered are: secondary 
electron emission due to ion impact; field and thermo- 
field (Schottky) emission as formulated by Murphy and 
Good [2]; and evaporation of neutral atoms. 
Heating of the tip is taken care of by considering the 
energy balance of the following processes: heat 
conduction cooling; Nottingham cooling or heating, 
respectively; evaporation cooling; ion bombardment 
heating from the plasma-cathode interaction; and Joule 
heating. Melting and erosion of the protrusion are 
taken care of by different approximation methods, i. e. 
like the stability of the molten tip against Rayleigh- 
Taylor instabilities under the balance of surface tension 
and different pressure components. Under this 
assumption, an unbalanced pressure leads to the 
instantaneous removal of the molden surface layer at 
the top of the protrusion, thus leading to an additional 
erosion in the form of droplets. 

Results 
The behaviour of a protrusion heated by ion 
bombardment from a plasma boundary can be best 
understood by comparing the heat flux inside the tip 
with that of a planar surface (1-D simulation). Figure 1 
shows the development of the temperature along the 
vertical axis for both the 1-D and the 3-D case just 
prior to the onset of strong erosion of the protrusion. 
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Figure 1) Comparison of the temperature along the 
vertical axis of a 3-dimensional tip (parameters: see 
legend) and the 1-D case (planar surface). 

Due to the spatial concentration of the energy flow in 
the 3-D case as compared to the planar surface, the 
heating is much more effective and rapid for spatial 
inhomogeneities on cathodes than for a plane surface 
under identical conditions (compare e. g. [4]). 
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Figure 2) Current density at the top of a model tip as a 
function of time. The arrow indicates breakdown. 

It is found that the comprehensive 3-D treatment of the 
interaction of a plasma and a "realistic" cathode surface 
microprotrusion leads to an emission behaviour (figs. 3, 
4) which is in accordance with experimentally observed 
breakdown times and fields [3]. 
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Figure 3) Time to the onset of strong electron emission 
and tip erosion ("breakdown") as a function of the 
plasma electron density (ionic power flux density), for 
an ellipsoiaal Cu tip of eccentricity e = 0.95 and a 
base radius r of 05 /im. 

Electron emission is governed by secondaries in the 
early phase, and particularly Schottky emission during 
the later stages. For the protrusions investigated, the 
field enhancement factor ß at the tip of the protrusion is 
only moderately enhanced (by a factor on the order of 
30) over the macroscopic field strength. Therefore, the 
macroscopic electric fields necessary for ignition of 
emissive behaviour are considerably lower than those 
responsible for pure field emission. For a high 
eccentricity of the tip e > 0.95, however, breakdown 
occurs very rapidly (figure 4), indicating the early onset 
of strong field emission and, hence, Joule heating, as is 
expected for typical field emitters ("explosive emission" 
[4, 5]). A comparative study was made to evaluate the 
significance of ion bombardment heating during the 
heating process leading to the ignition (triggering) of 
breakdown. For this purpose, the ion current was 
intentionally "switched off during the calculations; the 
results are shown in figure 5 in comparison to those 
with the ion current "switched on". 
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Figure 4) Time to breakdown as a function of the 
eccentricity of the emitter of figure 2. 

It is obvious, for the tip geometry and parameter range 
investigated, that ion bombardment heating is essential 
for the ignition of emissive (and hence, erosive) 
behaviour for a large range of densities. 
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Figure 5) Comparison of field emission triggered 
breakdown ("without ions") and ion heating triggered 
breakdown of a model Cu protrusion. 

From the temporal development of the emissive and 
erosive behaviour, a classification can be made as to the 
prevailing physical processes for a specific tip and a 
distinct set of parameters. In essence, four different 
kinds of emitters can be distinguished: 
o quasi-stationary (>us) thermionic emission with slow 

evaporation 
o non-stationary thermionic emission with strong 

evaporation and loss of liquid phase material 
o quasi-stationary field-emission dominated; 

slow evaporation, no loss of liquid phase material 
o non-stationary, extremely fast explosive destruction of 

the emitter, field-emission dominated in early phase. 
In effect, quasi-stationary and explosive emission and 
erosion, respectively, are included as extreme cases. 

Conclusions 
The interaction of cathode protrusions and a plasma 
has been simulated for ellipsoidal model tips. It is 
shown that ion bombardment -heating of cathode 
protrusions immersed into a biased plasma is essential 
in cathode spot ignition. It leads to emissive behaviour 
of microprotrusions in a wide range of parameters 
where field emission alone fails. The numerical results 
concerning breakdown delay and electric field 
strength/plasma density are in good agreement with 
experimental results from different authors. 
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Abstract 

We present a study of instabilities and of spontaneous extinctions which occur in low current DC arcs between metal electrodes. Two 
tlieoretical models for the behaviour of emitting sites on the cathode surfaces are proposed. Both models are in agreement with experimental results 
and yield equal values for the charges required for crater formation on a given cathode. This charge is roughly proportional to the third power of the 
crater dimension revealed by SEM observation. <* ■> r   r i~ 

Introduction 
Phenomenological studies of the instabilities of arcs burning in 

air have been made [1-5]. Thus, it is important to distinguish forced 
extinctions provoked by external causes, such as current vanishing, from 
natural extinctions (self extinctions) which happen without any change in 
external conditions. Natural arc instabilities and spontaneous extinctions 
in low current free burning arcs appear as voltage pulses, and the 
observation of this fluctuations with fast recorders shows that, when the 
average time between individual phenomena becomes sufficiently large, 
the noise resolves in short unipolar voltage pulses [4]. 

In other studies [5], the shape of the voltage increase is 
significantly dependent of the cathode material. In particular, the 
presence of oxide mixed with a silver matrix yields a slope change in the 
voltage increase. A consistent hypothesis, [4-5], assumes that each pulse 
is related to a spot extinction. The voltage pulse associated with this 
extinction, whose mechanisms are strongly related to the cathode 
thermal and electrical properties, is reproducible and exhibits a standard 
shape for the voltage increase. 

The statistics of self extinctions and instabilities are established 
by means of electrical high speed devices. 

At low current and without care, the first self extinction blows 
out the arc. But by using a constant current circuit which reignhes the 
arc after extinction, we can have an apparently steady arc. Thank to 
repetitions, we are able to cumulate data on many individual events. 
With a well defined trigger, given by the voltage pulse, we record the 
fast evolution of physical parameters as functions of time. 

Experimental set-up 
The electrodes are cylinders 3 mm in diameter and 5 mm long 

the inter-electrode gap is l-6mm long, the electrode axis is horizontal 
and the electrode holders are water cooled, the electrical circuit is 
especially designed for decoupling the arc from the electrical DC power 
supply (fig 1.). a capacitor c (5nF) is sufficient to achieve this 
decoupling for fast signals, the low inductance resistor r is an air cooled 
carbon cylinder, the inductance of the fast response part of the circuit, 
including the arc, is less than 30 nH. the stray capacitance of the arc 
electrodes is equal to 60 pF. the dc power supply has 2 kV, 4 A power 
capability, this high voltage is necessary to induce, through the 
decoupling circuit, subsequent reignition after arc extinction, due to the 
circuit configuration, at the extinction, the arc voltage jumps with an 
amplitude equal to the resistance voltage drop R.I. later, the capacitor c 
charges with an initial slope of voltage equal to i/c. with the chose value 
of capacitance, the elapsed time between extinction and the subsequent 
reignition is of the order of microseconds, the arc voltage is measured 
through a fast voltage divider (probe Tektronix p 6057) with 1.3 GHz 
bandwidth and 50 (1 input resistance in series with a 10 nF capacitor, for 
the measurement of the arc voltage, we use a fast recorder (Tektronix 
DSA602) 400 MHz bandwidth, for statistical measurements, we use a 
fast counter (Racal Dana) having 6 ns dead time. Fig. 2 shows a typical 
voltage pulse related with an arc extinction. Due to the time constant of 
the fast recorder input circuit (10 nF, 500 Q, high pass filter) some 
differentiation occurs, changing the baseline of the record. This appears 
on Eg. 2 as a baseline lowering of 0.3 V at the end 
Experimental results 

Silver (Ag) and Gold (Au) electrodes materials are tested. 

1- The voltage appears as DC superimposed with unipolar 
pulses. Physical recordings are shown on fig 3. The recorded voltage 
shows many pulses with randomly distributed amplitudes but the 
resolution of the recorder does not enable us to see fluctuations of very 
low amplitudes. On the right side of the fig, the large amplitude step 
corresponds to a complete self-extinction of the arc. 

With a faster recording speed, in accumulation mode, fig 4 
shows that the voltage increase rate is almost the same for all pulses, 
either short or long extinction voltage pulses. 

2- Using a fast response current transformer (0.5 GHz 
bandwidth) in series with the arc enables us to record the arc current 
evolution, fig. 5. The comparison with the voltage measurements shows 
the ohmic behaviour of the arc supply circuit as stated above. The 
current drops near zero in less than 20 ns. 

3- For pulse statistics measurements, the voltage divider is 
connected to a variable threshold counter. The threshold is set to zero, 
but due to input hysteresis circuit, it corresponds to an effective 20 mV 
threshold, thus rejecting the arc voltage noise. 

Statistical approach 
1- A previous study [4] allowed us to propose a theoretical 

model which explains the experimental results obtained in arc duration 
measurements. We have proposed a model for the emitting site temporal 
behaviour in the low current cold cathode arc, freely burning in 
atmospheric air. The mean arc duration is proportional to exp(//70). 

<r>= T, 'o' EX
P --1 

where / is the arc current, TQ is the spot life sparrand IQ the mean current 
per spot 

If / » IQ , we can write : 

log<7'> = IogT0- 

On fig 6, the logarithm of the mean life time of an arc is plotted 

vs. arc current for Ag and Au. Table I collects the values forLj, TQ 

obtained from the fit of experimental results to the model. We introduce 
9° = 'Q TQ as a characteristic parameter for the cathode material. 

Material TbM In [A] qn[C] 

As 60 0.58 3.48 ior3 

Au 2.4 0.52 1.25 10-° 
Table I 

2- The average frequency of spots extinctions can be defined 
as; 

/-" —-i" T   Vo   q° 
where n is the mean number of emitting spots. 

From the slope of plotted curves (fig 7 ), we deduce the qO 
parameter. Table II collects the results for both Ag and Au. 
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Material qnici 

Ag 3.26 \0-J 

Au 1.13 10"° 

Table II 

Discussion 
The values of q corresponding to both models tor one metal are 

in agreement. The differences between values of q for Ag and Au are 
mainly due to spot life span differences. For both metals, tlie average 
currents per spot / are relatively close. 

We assume that the thermodynamical properties of both metal 
(Ag. Au) are close (latent heat of fusion and vaporisation, heat 
conduction,...) as well as the energy of ions impinging the cathode. 
Therefore, the value of the ratio of electric charges is close to that of 
eroded masses. 

Assuming a geometrical similitude in the craters shape for both 
metals the atomic volume being almost the same, the ration of crater 
radius is the third root of the charge ratio : 

r0Ag /r0Au ~ [!0Ag /qQAu 

Both models yield a ratio of radius values near 3. By 
observation with a scanning electron microscope, the ratio of the 
diameters of craters is close to that value : 3 um for Ag and 1 urn for Au. 
See photographs 1 -2. This is agreement with the hypothesis of an equal 
erosion rate as expressed in volume per charge. 

The current densities are deduced from the observed craters 
dimensions by the relation : 

,10 „-2 We obtain for Silver (Ag). /=8 10lu Am"'', and for Gold (Au), 
y=6.4 1011 .Am-2 

Conclusion 
Comparison of the erosion characteristics of two metals having 

dose properties, chemical or atomic, yields a common mechanism for the 
interaction with the arc plasma in the cathode spot, and the same eroded 
volume of material per charge unit. This is confirmed by two evaluations 
methods of charge per spot and by microscope observation of cathode 
spot trace. 
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BREAKDOWN  PHENOMENA BETWEEN A  HYDROGEN PLASMA BEAM 
AND THE DISK AS A WALL 

TATSUZO   HOSOKAWA,   MAKOTO FUKUDA,  TERUO KANEDA* 

Department of Electrical and Electronic Engineering, Hosei University 
Kajino-cho, Koganci-shi, Tokyo 184, JAPAN 

♦Department of Electronic Engineering,  Tokyo Denki University, 
Kanda-Nishiki-cho, Chiyoda-ku, Tokyo 101, JAPAN 

INTRODUCTION 
The breakdown phenomenon observed between 

a plasma and a wall is an arc discharge. This 
phenomenon has been investigcted by many 
researchers QHS). In this paper, the breakdown 
phenomena between the plasma beam and the 
plate electrode were investigated, and its results 
were compered with a theoretical analysis. 

It has became clear that the breakdown 
characteristics depend on the discharge conditions 
and the developments of craters produced by 
the arc discharge on the cathode surface 
retrograded to the drift direction of E X B. This 
breakdown characteristics is very similar to the 
property of a unipolar arc observed in the 
nuclear fusion device. 

EXPERIMENTAL APPARATUS 
The hydrogen plasma beam was formed 

through a 2 mm diameter orifice by the 
differential evaporation as shown in Fig.l. The 
density of plasma beam was ~10n cm-3. The 
gas pressure was in the range of lO^lO-4 

Torr. The plate electrode consisted of 10 cm 
length and 7 cm width, and this electrode held 
to the distance of 1.5 cm from the plasm bcem to 
the radial direction, and was electrically floated. 

The electrode material was aluminium. The 
magnetic field of 500 G was applied to the 
plasma beam direction. A negative DC voltage 
was applied on the electrode. The current 
pulse due to an arc discharge was observed 
by a current probe. 

CATHODE ANODE 

ELECTRODE 

Fig. 1   Experamental apparatus 

EXPERIMENTAL RESULTS 
When the DC applied voltage reaches 50 ~ 

300 V, the breakdown occurs and the breakdown 
characteristics depend on the plasma beam 
current, gas pressure, magnetic field and 
electrode materials. The typical oscillograms of 
current and photon pulses, of the arc are shown 
in Fig! 2, and the time variation of appearances 
of arcs is shown in in Fig. 3. The frequency 
of appearances decreased with time, but 
increased again after stoppage of applied 
voltage on the gap. And the more stoppage 
time, the more the frequency of appearances. 

i    i current 
pulse ^ 
20mA/div ~^- 

^P 
-f- 

(a) Pre-broakdown pulse, 20/ts/dlV 

^   photon 
pulse 

>KT, arbitary 

current 

pulse        -^ 

40raA/div 

(b) Secondary pulse, 60 /ts/dlv 

(c) Arc pulse, 50 /ts/dlv 

Fig. 2   Typical oscillograms  of the. arc 

XXni ICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-169 

The space potentials in the gap are shown 
in Fig.4. The space potentials are about 
constant from plasma beam to near cathode and 
the vicinity of cathode forms a sheath. The 
craters due to the arc were observed on the 
cathode surface. 
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Fig. 4   Distributions  of the space 

potentials   In the gap 

DISCUSSIONS 
From a unipolar arc theory of the discharge 

mechanism between a plasma and a wall, the 
ion current density ji at the boundary of the 
plasma and the ion sheath is, 

irni<ii V" 
kT, 
m,- (1) 

where ni is ion density, qi is ion charge, k is 
Boltzmann constant, Te is electron temperature 
and mi is ion mass, respectively. 

On the other hand, if the voltage difference of 
the plasma beam and the plate electrode is Vsf, 
the electron current density je to the wall 

direction is, 

Je=ne1i 
4^L „p(^)a 

where ne is electron density, qe is electron 
charge and me is electron mass, respectively. 

The unipolar arc is, however, monopolar arc, 
and is electrically float. So, the sum of jc and ji 
becomes 0 by offsetting each other. 

From equations (1) and (2), Vsf is, 

vcf=- 
kT, 

T[^>^)>> 
where 6 e and 8 i are ratios of secondary electron 
emission on the cathode surface by the electron 
and the ion<6). 

If it is assumed that unipolar arcs generate at 
the voltage of Vsf, the electron emitted from the 
cathode surface return to the cathode again. 
And this electron circulation forms a 
circulation current, that is, 

The density of a cathode spot can be calculated 
numerically from the value of experimental results 
by the equation (4). The results of the 
calculation are shown in Table 1. From the 
results, the density of the cathode spot is 10" 
cm 3 . and this value is nearly equal to that of 
the vacuum arc spot. 

Table 1. Results of calculation 

sheath potential 7.58 V 
circulation current 60 A 

cathode spot plasma density 10" cm -3 
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MOMENTUM ACCOMODATION AT LOW ENERGY IONS-SOLID 
SURFACE INTERACTION. 

V.YU. Kolosov, V.S. Snkhomlinov 
Department of Optics , Institute of Physics, St.-Petersburg State University, Ulyanovskaya 1, 198904, St.-Petersburg, 
Russia. 

Introduction 

Last time due to hypersonic airdynamics 
rapid development and plasma applications to 
airdynamical characteristics improvement [1], the 
consideration of the process of keV- charged particles 
momentum accommodation at their collision with 
surface becomes actual. In proposed work an attempt 
of development of the theory for accommodation 
coefficient of normal and tangential momentum 
projections of light low energy ion under their oblique 
incidence on the amorphous solid body surface is 
presented. 

General 

The developed theory based on the 
approximate analytical solution of Boltzmann kinetic 
equation for ion distribution function in solid body 
obtained in [2] which takes into account both electron 
and nuclear stopping. The analytical formulas for the 
calculation of the accommodation coefficients of the 
normal and tangential momentum projections a, and 

a%, respectively have been obtained. 

The calculations of these values for the case 
of protons collision with surfaces of various elements 
from Be to Pt have been performed. The simple 
approximation formulas describing obtained results 
(with 1-2 % accuracy) in the wide region of incident 
ion energy - from several hundreds of eV to several 
keV - and for incident slopes - from 0° to 70° - have 
been evaluated. 

It appeared that under the considered 
conditions    a%»l,   which   is   caused   by   high 

isotropization of the ion in the solid body due to elastic 
collisions with atoms. The value of a„ increases at 

incident slope increase (Fig.l) and ion energy decrease 
(Fig.2, 3) which is caused by back-scattering 
coefficient and average energy increases. As the 
example in Fig. 1 given the cases : 1 a), 1 b) 

H+ -> W ; 2 a), 2 b) H+ -> Ag; 3 a), 3 b) H+ -> Ti; 

4 a), 4 b) H+ -> Si where a) and b) represents the 
results of calculations an as the function of angle of 

protons incidence 90 by analytical and approximation 

formulas respectively. In Fig.2 the value of a„ is 

plotted against energy of the incident protons E0 for 

the cases: 1 a), 1 b) H+ -> W ; 2 a), 2 b) H+ -> Ag 

where a) and b) represents the results of calculations 
a. as the function of energy of incidence E0 by 

analytical and approximation formulas respectively. 
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The Fig.3 shows the same value for cases: 1 a), 1 b) 

H+ -> Si; 2 a), 2 b) H+ -» Ti. For all considered 

cases under the obtained conditions a„(E0) lies 

between 1.25 and 1.05. 
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BACKSCATTERING BY A SOLID SURFACE OF ITS OWN IONS IN THE 
CASE OF THEIR NORMAL INCIDENCE. 

V.Y.Kolosov, V.S.Sukhomlinov 
Department of Optics , Institute of Physics, St.-Petersburg State University, Ulyanovskaya 1, 198904, St.-Petersburg, 
Russia. 

Introduction 

The processes of interaction of a plasma with a surface 
play an important role in the formation of plasma 
properties. In particular, this concerns the processes of 
the mass transfer through a plasma-wall boundary, 
namely, of the sputtering and backscattering, as a 
result of which atoms of the wall materials enter into 
the plasma and undergo the ionization . At a sufficient 
intensity of such a process, the quantity of these ions 
grows so that self-sputtering becomes the main factor 
of entering impurities into a plasma. The present work 
is devoted to the development of the analytical theory 
of backscattering by the surface of an amorphous solid 
of its own low-energy ions at their normal incidence. 
This theory will allow one to take into account a role 
of backscattering in a self-sputtering process and 
enable one to develop the adequate theory of this 
process. 

General 

The theory is based on the approximate analytical 
solution of the Boltzmann kinetic equation: 
_ap(z,v,ri) 

= ijfdV'Jdri'J-^-8(^0-^-)S(vXZ,v',Ti')dv' 
U o        -1       vv v 

where <p(z,\,r\) is the distribution function of the ion 
flux in a solid; E(v) is the inverse mean free path of 
the ion relative to elastic collision with atoms at the 
given velocity v; z is the coordinate measured from 
die surface along the inward normal to this surface ; 
u.0 is the cosine of the angle of scattering; TJ , \|/ 

andn' ,y' are polar and azimuth angles before and 
after a collision, respectively. The solution of this 
equation was obtained by the known method of 
"generations" [1] and permitted us to calculate the 
distribution function for the flux of backscattered ions. 
The integral and differential characteristics of the 
backscattering (the reflection coefficient of the 
particles RN and the energy reflection coefficient RE, 
the distribution function of the ion flux over the angles 
F( 6 ) and energy F(E) of outgoing particles), as well 
as the twice differential characteristics (their 
calculation even by the method of computer simulation 
is a sufficiently difficult task) were obtained in terms 
of the distribution function of the flux. The conducted 

-+E(v)q>(z,v,Ti) = 

analysis showed that the particles scattered in the first 
monatomic layer of the solid are completely absent in 
the flux of backscattered ions at any type of the surface 
barrier. The backscattering flux is formed only owing 
to the particles penetrated into the depth of the solid. 
Note that the developed theory does not involve fitting 
parameters. Comparison of the integral and 
differential characteristics of the backscattering 
calculated in this work with those obtained in [2] by 
the computer simulation based on the Monte-Carlo 
method for different elements was performed. Our 
results proved to be in the satisfactory agreement with 
these data (Figs. 1-4) over a wide range of the initial 
parameters (the energy of incident ions, the charge of 
the atom nucleus, the surface binding energy): 
1) Fig. 1. - RN for C+, 1) - Ref. [2], 2) - this work; 
2) Fig.2. - RE for Si+, 1) - Re£ [2], 2) - this work; 
3) Fig.3. - F(E) for C+ at Eo=100 eV: 1) - Ref [2], 

2) - this work; 
4) Fig.4. - F(E) for C+ at Eo=1000 eV: 1) - Ref. 2, 

2) - this work. 

kN 
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F(E) 

E, eV 

Fig. 3. 
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Formation of supersonic atom flux in the cathode region of vacuum arc. 

Yu.D. Korolev and A.V. Kozyrev 

High Current Electronics Institute of RAS, Russia, 634055, Tomsk 

Introduction 

In this paper it is called attention to an 
original mechanism for formation of neutral atom 
flux at the cathode voltage drop boundary, which 
may be realized in some types of vacuum arcs. It is 
possible when a neutral atoms vaporize from the 
cathode surface, and after that its ionization occurs 
in the cathode voltage drop region. In particular, a 
low-current-density arc or so called "diffuse vacuum 
arc" satisfies this condition [1,2]. 

In [1] it was shown that an electrical potential 
profile can be nonmonotonic at the near-cathode 
regions. This profile and particle fluxes are shown 
schematically in Fig. 1. 

Fig. 

• The length of the cathode voltage drop region, 
lc , is certainly shorter than all mean free paths. 
However, the ionization of the atoms moving 
through this region in the x-direction may occur 
since it is produced by chaotic energetic electrons 
from the cathode flare plasma, which may enter the 
region 0lc. The probability for the. ionization is 
determined by the electron temperature in the 
plasma, Te, and the time required for an atom to fly 
through the layer 01 c . Ionized atoms as an ion 
current will be returned to the cathode surface by 
the strong electric field. 

At first, let us consider the ionization of a unit 
atom evaporated from the cathode surface in its 
motion through the space charge layer of lc. Since /,. 
is much shorter than the mean free path of the atom 
until! its collision with another heavy particle, the 
atom velocity, »', will not change within the Ienth lc . 
However, the atom can be ionized by one of the 
thermal electrons presented in the potential well. The 

average number of ionizing collisions, q, that may 
occur throughout the length /<. is determined from 
equation: 

q(v) = (ki/v)-^ne(x)dx, (I) 

where kt(Te) is the ionization constant. It is 
important that the number q varies in inverse 
proportion to the velocity v. If q is the average 
number of collisions within the distance 01 c then the 
probability for collisionless passing of this way P(v) 

t P(v) = exp(- const /v ). 

It means that the slow atoms will be largely 
ionized within the layer 0lc, and the fast atoms will 
largely pass this region without ionization. Thus, at 
the outer boundary of the cathode space charge 
layer a flux of the fast atoms will be formed. Below 
the simple 1 -D theory of this process is presented. 

Theory 
It is known that the velocity distribution 

function of the evaporated atoms is 1-D 
Maxwellian: 

f(V>i)=A-exp(-Mv:
x/2kTc). 

At the evaporative surface the average atom 
velocity of mass M is 

<„> = ,,,, = (2kT/M) 1/2 

.Then it is convenient to write all equations 
using the dimensionless velocity V = \\A>al. So that 
the normalized 1-D Maxwell distribution function is 

/oflO =(2/n)-exp(-V2/n) (2) 

The  probability   for  collisionless  passing   of the 
cathode layer is 

P(V) =exp(-Q/V), (3) 

where Q = q(val) is determinated by (1). Then at the 
outer boundary of the cathode space charge layer, 
x=lc, the deformed distribution function fQ(V) is 

/QO')=P(11-/OM = 

= (2/x)-exp[-fl-c/tf-QA'J. (4) 
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In Fig.2 these functions for the some different 
Q are shown. The distribution function shows a 
supersonic particle flux because the slow particles are 
completely absent. As evident from the figure, the 
value of V, which corresponds to maximum of 
distribution function, grows as Q rises. This growth 
is correlated to decreasing of the total number of 
atoms. Only the some part G of initial atom flux can 
reach a point x=lc without ionization: 

G(Q)=\/Q(V)dV= (5) 

s exp{ 3(Q2/47t)"3}. 

f(V),arb. units 

The average velocity  W(Q) of this part of 
flux can be found from equation: 

W(Q) =(l/G)fv/Q00-dV= (6) 

Fig.2. 

= (1/G)- exp{-Q/7t"2}. 

In order to find G(Q) and W(Q) in an 
explicit form the dependence ne(x) which is present 
in equation (1) must be known. It is rather 
complicated task. However, for some problems it is 
quite sufficient to know a dependence W(G) which 
can be used as one of the boundary conditions for 
the plasma expansion theory. 

The equations (5) and (6) can be considered as 
the function W(G) which is given in parametric 
representation (O is parameter). Such a function is 
shown in Fig.3. Of particular value is the universal 
character of this function because it does not depend 
on either a potential profile (p(x) or an electron 
distribution ne(x) within the cathode layer. Of 
special note is the very convenient approximate 
analitical form of the relationship W(G), which has 
the relative accuracy within ± 10%. 

W=<V> 

0,2     0,4     0,6     0,S      1     Q 

Fig.3. 
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The Benefits Of Using A Steered Arc In The Continuous Mode 
Over Graphite Cathodes 

Munther Kandah and Jean-Luc Meunier 
Chemical Engineering Department (McGill University) 

Plasma Research and Technology Center (CRTP) 

1. Introduction 
In the past decade, there has been increasing 

interest in the deposition of a special form of carbon 
films which are hard, dense, electrically insulating and 
optically transparent. These films have been called 
"diamond-like" [1] and have been obtained essentially 
through ion-beam deposition techniques. The Arc Ion 
Plating (AIP) process is considered as one of the most 
advanced processes among the ion and plasma assisted 
vacuum coating technologies. 

The generation of micron-sized particles in 
such systems prevents the widespread applications of 
the diamond-like carbon (DLC) films produced using 
this technique. Therefore, this work aims at the control 
of the emission of these macro-particles from the 
cathode using combined magnetic field configurations 
in a continuous AIP system and without the use of any 
filtration system. Radial magnetic field (Br = 0.03 T) 
was applied parallel to the erosion surface, using 
permanent magnets, to rotate the arc spot in a circular 
pattern. At the same time, Heimholte coils were fixed 
around the electrodes, generating constant axial 
magnetic field intensity of 0.14 T between the 
electrodes to confine the arc and increase the plasma 
density over the cathode surface. 

At constant radial magnetic field intensity, 
various graphite cathode materials show different spot 
velocities, ion flux and macro-particles emission due to 
the changes in their surface properties. Surface 
property effects of the various of all graphite cathode 
used in this work were described previously [2]. 

2. Results 

2.1 Cathode erosion rate 
From the previous study [2], the arc spot 

velocity was found to be increasing with the decrease in 
cathode pore size at constant magnetic field intensity. 
In this work, the effect of material porosity on the 
cathode erosion rate is investigated for two cases, with 
and without Helmholtz field. In both cases, the erosion 
rate was found to increase with the increase in the pore 
size. With the case of using Helmholtz field (BH = 0.14 
T), the erosion rate is found to be lower than that 
without the magnetic field confinement (BH = 0). The 
study of the major erosion rate components (i.e., ions 
and macro-particles) is necessary to know which one 
has stronger effect. 

2.2 Particles number density 
Figure 1 illustrates that cathodes showing 

higher spot velocities due to the difference in their 
surface properties emit smaller number of particles. 
This indicates that various graphite types will emit 
different quantities of particles towards the substrate 
under similar operating conditions. Comparing with 
the results of [3], one can notice the huge reduction in 
the number density of the emitted particles using a 
steered arc over graphite cathodes. The number density 
of particles shown in Figure 1 was measured at a 9 cm 
distance between cathode and substrate, 70 A arc 
current and 1.5 minute arc duration time. At a distance 
of 52 cm between the cathode and the substrate, with 
Br = 0.03 T and BH = 0.14 T, no particles were 
observed in the produced DLC films. 
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I = 70 A 
Br = 0.03T 
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CATHODE SPOT VELOCITY, m/s 

Figure 1 : Effect of cathode spot velocity on the number 
density of emitted particles over silicon wafer substrate 
for various cathode materials (continuous mode). 

2.3 Ion current flux 
Figure 2 shows the effect of cathode spot 

velocity as a function of total ion current emitted from 
the cathode spot and reaching a 7 cm diameter probe at 
52 cm distance from the cathode with the presence of 
Helmholtz field. The change in velocity is imposed 
here by a change in the material properties of the 
graphite cathode at constant radial magnetic field 
intensity of 0.03 Tesla, driving the arc into rotation. 

The radial ion current flux emitted from the 
cathode spot to a probe at 52 cm distance opposite to 
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the cathode is also measured for different graphite 
types. It is found that various graphite types emit 
different ion fluxes. The arc trace is found to be always 
at a radial distance between 2.1 and 2.3 cm from the 
center of the cathode (i.e.. at the location of arc rotation 
and zero axial magnetic field intensity). 
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CATHODE SPOT VELOCITY, m/s 

Figure 2 : Effect of material induced cathode spot 
velocity on total ion flux. 

3 Discussion 
Structural considerations of the graphite 

material used is shown here to be very important and 
strongly affecting the actual behavior of the cathode 
spot. The control of the heat load input to a given site 
of the electrode is found to be very important in view of 
macro-particles reduction. Therefore, the effort was 
focused in this work at the design of the vacuum arc 
ion plating system that works in a continuous arc mode 
using permanent magnets behind the cathode and a 
pair of Helmholtz coils around the electrodes. The idea 
behind this configuration is to rotate the arc spot over 
the cathode surface, confine the arc plasma and 
increase the spot velocity. As a result, the residence 
time of the spot at any given location is decreased and 
the stability is increased. Decreasing the residence time 
of the arc spot on a given site of the cathode should 
result in a reduced heat load on that site, hence 
reducing the particles emission.. The objective of using 
Helmholtz field is to create higher plasma density on 
the cathode surface, thus increasing the probability to 
create new emission sites. Confining the arc also 
increases the deposition rate significantly through the 
reduction in the ions losses. 

The observed deposition rate in the absence of 
a Helmholtz field was a strong function of cathode to 
substrate distance. The ions were not able to reach the 
substrate when placed at a distance larger than 9 cm 
from the cathode. The deposition rate increased as the 
Helmholtz magnetic field increased, and at a close 

distance (less than or equal to 9 cm), the flux emitted 
was too strong in this design and resulted in the 
melting of the substrate. 

Figure 1 shows that lower number of particles 
can be emitted from the cathode if the arc spot velocity 
is increased. The increase in the arc spot velocity can 
be achieved by increasing the radial magnetic field 
intensity (Br) over the cathode surface and/or using 
graphite types with small pore size, low electrical 
resistivity, high density and high grain size [2]. 

From Figure 2 the ion flux emitted from the 
cathode is found to be increasing with the increase in 
the cathode spot velocity. At the same time, it is found 
that various graphite types show different cathode spot 
velocities at fixed operating conditions (especially the 
applied magnetic field and arc current). Therefore, a 
good choice of graphite cathode material shows high 
spot velocity, low or no macro-particles emission and 
shows a more intense ion flux emission. 

4 Conclusions 
It is found that rotating the arc spot over 

graphite surface is much more difficult compared to 
metallic electrodes under same conditions. The rotation 
of the arc spot over graphite surface was achieved using 
permanent magnets behind the cathode. The arc was 
found to be rotating in a circular pattern at the radius 
where the perpendicular magnetic field component is 
equal to zero. Increasing the radial component results 
in an increase in the spot velocity. Different types of 
graphite showed different cathode spot behavior and 
emitted different number of particles and ions. The ion 
flux is peaked in the perpendicular direction to the 
cathode surface and the arc trace. The rotation of the 
arc spot over the graphite surface-generates a more 
uniform erosion over the cathode surface, reduces the 
emission of particles and chunks and prevents any local 
overheating. Shifting the arc emission to a more stable 
emission mode was achieved by rotating the arc spot, 
confining the plasma and cooling the cathode. The 
control of the plasma flux, ion current and ion energy 
were possible through the change in the axial magnetic 
field component induced by Helmholtz coils. As a 
result of using the permanent magnets and Helmholtz 
coils, the cathode spot velocity and the ions flux 
emission are enhanced, while the number of particles 
emitted from the cathode spot decreased. Diamond-like 
thin films ., free of particles, were produced using 
graphite in a continuous arc ion plating system without 
using any filtering tube. 
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1. Introduction 
The surface recombination of nitrogen atoms on 

copper oxide in afterglow is studied by measuring 
the dependence of the mean value of the breakdown 
time delay on afterglow period ti = /(r) (the mem- 
ory curve) and fitting of the data by the approxi- 
mate gas phase model. The cause of the secondary 
electrons initiating the breakdown is the energy of 
the surface recombination of nitrogen atoms on the 
electrode surface and the surface recombination on 
container walls is the main loss channel. The break- 
down time delay method is shown to be very effi- 
cient in nitrogen atom detection, and accompanied 
by the developed models of afterglow kinetics, in 
study of surface reactions [1-3]. 

In paper [1], we have shown that the nitrogen 
atom recombination on the glass container walls 
is second-order in number density, and determined 
the value of the surface recombination coefficient. 
Furthermore, we derive the adsorption isotherm of 
nitrogen atoms on molybdenum glass, the type of 
recombination mechanism and the dependence of 
the activation energy for desorption on the frac- 
tional coverage. 

By fitting the experimental data on the basis of 
an approximate gas phase and exact diffusive model 
[2] it has been shown that the surface recombination 
on the iron electrode is of the second order and on 
the molybdenum, aluminum and gold-plated elec- 
trode it is of the first order. In addition, the an- 
alytical form of the recombination coefficient as a 
function of the adsorption characteristics of surfaces 
and the pressure of the parent gas has been derived. 

In a recent paper [3] the adequacy of the gas 
phase model for a representation of the surface 
losses and comparison with the exact diffusive 
model are studied. It was found that diffusion 
should not be neglected as application of the gas 
phase coefficients to represent surface losses gives 
an error in the value of the recombination coeffi- 
cient. 

2. Experiment 

The time delay dependencies were measured for 

a gas tube made of molybdenum glass with inserted 
copper cylinder (Fig. 1) with volume V = 77 cm3 

and area S = 88 cm2. Copper oxide had been dark- 
red and was formed when the electrode was exposed 
to the atmosphere. The electrodes are rounded and 
polished copper rods of 99.98% purity. The elec- 
trode diameter was D = 5 mm, area SE = 1 cm2 

and gap d — 2.5 mm. The static breakdown volt- 
age was U, = 400 V DC. 

Fig. 1. Schematic cross section of a discharge tube 

The tube was evacuated down to 10-3 mbar, 
then filled with nitrogen of technical purity at 
6.6 mbar pressure, detected impurities Oj being be- 
low 0.1%. The mean values of time delay were es- 
tablished from series of 300 measurements. The 
time delay measurements were carried out at over- 
voltage of AU/U, = 50 %, glow current of It = 
0.5 mA, glow time ts = 2 s, by an automatic sys- 
tem [4]. More details on the conditions, schematics 
of the experiment and more on experimental pro- 
cedure can be found in [1-4]. 

3. Results and discussion 

If we treat surface recombination of atoms as an 
effective gas phase process and if the number den- 
sity of nitrogen atoms [N](r, r) during the after- 
glow decays due to the second order recombination 
on the copper oxide surface, its temporal evolution 
is given by equation 

n?r = im + 7«; T, (l) 
1  _   l 

[N] ~ [No] 

where [No] is the initial number density of nitro- 
gen atoms and jw represents an apparent recom- 
bination rate coefficient on the copper oxide. The 
volume recombination in three body collisions and 
surface recombination on the electrode surface can 
be neglected under our conditions. 
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The electron yield in the interelectrode space in 
this approximation [1-3] is given by equation: 

Y = it"[N]Vc, (2) 

where f'JI is the effective recombination coefficient 
on the electrode surface multiplied by the probabil- 
ity that one secondary electron is emitted on the 
basis of the recombination energy, and Vc is the 
volume of the interelectrode space. 

2.00 

O.OO 

Fig. 2. The breakdown time delay dependence on 
afterglow period for technical purity nitrogen 

On the other hand, the statistical time delay of 
electrical breakdown can be expressed as [5]: 

Ü=1/YP,    i.e.   y = l/i7«l/ij,       (3) 

where P is the probability of starting a discharge 
from a single charged particle, and P » 1 at over- 
voltage of 50% [1]. By combining the equations 
(1), (2) and (3), the value of the fw and -fj* can 
be obtained from Fig. 2, in the form: 

(4) /e t^[N0]Vc' 

7» = 
td~ido     1 

id?     [NO]T 
(5) 

. Since the time constant for the second order pro- 
cess is Td — 1/T«; [No] I we obtain the following for- 
mula for the probability of recombination Pw: 

P* = =^ = 4 • 10-4, (6) 

where 17 is the mean thermal velocity. 
For other temperatures (Fig. 3) we obtain the 

following values of the recombination probability 
Pw(3bOK) = 3.5 • 10"4 and ^„,(400*0 = 5 • 10"5. 
In our analysis gas phase model is used to obtain the 

coefficients so only apparent values are obtained but 
other data in the literature are obtained by a similar 
procedure so the results are generally comparable 
(provided that overall conditions are similar) [6-8]. 

The results presented here were obtained for 
technical grade nitrogen that has a large amount 
of oxygen which would decrease the recombination 
rate [9] due to interaction of nitrogen and oxygen 
atoms in the adsorption layer. Our work will pro- 
ceed to obtain results for research grade nitrogen 
and also to extend the temperature range. In ad- 
dition exact numerical diffusion model is applied 
that can provide recombination coefficients which 
are not subject to uncertainty due to inadequacies 
of the gas phase kinetic model. 

2.00 

0.00 

Fig. 3. The breakdown time delay dependence for 
a) 293 K, b) 350 K, c) 400 K 
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1 Introduction 

The surface treatment of polymers by plasma 
discharges is a well known mean of increasing their 
adhesion energy [1]. This kind of treatment is an 
interesting dry process in these days of environmental 
preoccupations, so it is marked out for a brilliant future. 
The presence of the plasma implies great changes on 

the polymer surface, as shown by many works [2, 3], 
but the presence of the sample has a great influence on 
the discharge regimes and it is interesting to investigate 
this influence in order to improve the treatment 
efficiency. 

2 Experimental setup 

The figure 1 shows the reactor and the electrical and 
gas supplies. 

Gnd 

Gas inlet Gas outlet 

Fig. 1: Experimental setup 

The reactor consists in a cylindrical surrounding wall 
in Pyrex of 12 cm high, 22.5 cm of inner diameter and 
1.5 cm thick. Being transparent, it allows the 
observation of the electric discharges which take place 
between the electrodes. The wall is placed between two 
P.M.M.A. plates of 1.5 cm thick. This system permits 
to attain pressures around 2.10"2 Torr. 
The electrical supply is a DEL D.C. high voltage 
generator (1) which delivers voltages between 0 and 10 
kV current stabilized. A loading resistor (2) of 100 MQ 
is placed in serie with it and the upper electrode (3) 
which is placed inside the reactor. This electrode is a 
Monel 400 wire, 0.5 mm in diameter, placed parallely 
to the grounded electrode which consists of a stainless 
steel plane. A teflon ring ensures the parallelism of the 

wire with the plane and fastens the gap. Several rings 
with various distances have been made. 
A polymer sample (P.M.M.A.) 1 mm thick is placed 

on the grounded electrode, as shown in fig. 1, so that it 
is parallel to the wire. 

3 Diagnostics materials 

We want to characterize, prior to the treatment 
efficiency itself, the discharge and the influence of the 
polymer sample on the discharge. This is why we plot 
the V(I) characteristics at the same time we display 
with the oscilloscope the current impulses 
characterizing the evolution of the discharge regimes. 
The electrical measurements are made with a Metrix 

MX 56 voltmeter and a Metrix MX 309 A ammeter. A 
50 Q resistor is placed in serie between the grounded 
electrode and the ammeter. 
The visualisations of the current impulses are made 

with a LeCroy 9400 oscilloscope. 

4 Results and discussion 

The main aim of our works is to study polymer corona 
treatment using intermediary working pressures (5-700 
Torr) this is why we chose a 10 Torr pressure of N2. 
Firstly, we measured the interelectrode potential (V) as 
a function of the discharge current (I) in order to obtain 
the electrical characteristics without sample. The V(I) 
curves obtained for different gaps (d) are shown in 
figure 2. 

I(HA) 

Fig. 2 : V(I) characteristics without polymer sample 

In a second time, we plotted the V(I) characteristics for 
the same working conditions but in the presence of a 
sample. We made the measurements with the grounded 
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electrode surface being 20% and 30% covered by the 
polymer. The curves obtained for these ratios are 
respectively shown in figures 3 and 4. 

[ V(T) characteristics : 

* O.fc' 

gas: N. f 

p = lOTorr 
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Fig. 3 : V(I) characteristics with polymer sample 
(20% electrode surface covered) 
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Fig.4 : V(I) characteristics with polymer sample 
(30% electrode surface covered) 

In figure 2, without sample, the discharge remains in 
the same regime, named regime I, until a certain 
amount of current allows the transition to another 
regime, the regime II, the transition being marked by a 
drastic potential drop. 
As we can see by comparing figures 2 and 3 the 

presence of the sample modifies significantly the 
transition conditions of the discharge regimes as does 
the percentage of surface covered (comparison between 
figures 3 and 4). In effect, the more electrode surface is 
covered by the sample, the less current is sufficient to 
pass from regime I to regime n. This evolution of the 
transition current value is related to the amount of 
charge needed to form the cathodic sheath. 
The second step of our survey was to determine what 

are the two regimes that we could observe on the 
characteristics, by attempting to visualize the 
corresponding current impulses with an oscilloscope. 
For the regime I, we were not able to see any impulse 
during   our   observations.   In   the   transition   zone 

characterised by the potential drop we can observe short 
current impulses that are unstable and non repetitive in 
time. When the regime II is reached, we obtain 
repetitive current impulses as shown in figure 5. 
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Fig. 5 : Current impulses in regime II (d=10 mm, 
I=47uA, 20% electrode surface covered) 

From these results, we might say that the regime I is 
related to the dark Townsend discharge. The regime II 
is, for itself, akin to a "glow-like" discharge [4] where a 
cathodic sheath is formed and the discharge becomes 
self-sustained. 
The polymer, being a dielectric, promotes the 

formation of the sheath by non evacuating the charges 
that collide on its surface. This can explain why the 
more electrode surface is covered, the less charges are 
needed to create a sheath that allows the discharge to be 
self-sustained. 

5 Conclusion 

The study of the influence of the polymer sample 
presence on corona discharge regimes is a preliminary 
stage in the determination of the discharge treatment 
regimes. Both presence and area of the polymer seem to 
promote a regime that we may call " glow-like". It is 
then important to take into account those parameters in 
order to optimize the process. 
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A review  of one  of the  modem trends   in  the Pi^lO^Pa, volt-ampere characteristics of a discharge 
development of physics, engineering and technological corresponds to the function of ]«V.=W*=Con8t, but 
8j)phcaüons of electric discharge, i. given [1]. From a notto V.-V.^onst At high vacuum on intense cooling 
variety of intensive stationary electric discharges with a of a anode V. can exceed 103 V. The diode discharge 
vacuum-evaporated electrode we exclude only a well- 
studied vacuum arc with local (inhomogeneous) 
evaporation in cathode and anode spots. The theories of 
classical low pressure electric discharges form the 
foundation for ISEDEHEV physics. The presense of an 
evaporated electrode in a discharge gap greatly 
complicates these theories and causes new physical 
effects, so it becomes impossible to make strict 
calculations of practical constructions and their 
techological parameters. Thus, primary attention is 
focused on the construction of physical discharge 
models and the analysis of the experimental results 
(see review [2]). 

The discharges with wi evaporated cathode 
As to their physical properties,they are close to a well- 

studied discharge with an incandescent cathode in a 
rarefied gas. The discharges are supported by 
thermoemission of electrous from a working substance 
in case of high-melting substances and from refractory 
crucible in case of low-melting substances. The 
discharge with a working substance evaporated from a 
hollow cathode is of great importance. The mechanism 
of its arcing is analogous to the arcing of the discharge 
with the gas flowing out through the pipe or the nozzle 
into vacuum. The only difference is that the 
consumption of the working substance dm/dt in the 
first case is associated with discharge conditions and 
the thermal condition of a cathode operation, and in the 
second case dm/dt, is an independent parameter. 
Vapour pressure over the working substance surface 
during the discharge arcing is 1 - 100 Pa. The 
discharge is mostly used in the technology of 
deposition precious metals (Au, Ag) and Cu. 

The discharges with an evmomterf «nojff 
Here we can distinguish between diode and 

triode discharges. The diode discharge gap consist of a 
cathode and an anode heated to thermal emission, the 
material of which is evaporated by electron 
bombardment from the cathode. The discharge 
characteristics are similar to those of the non-self- 
maintained arc discharge with an incandescent cathode 
in a rarefied gas, in case the discharge power W 
considerably exceeds the critical power W* at which 
the discharge in the anode material vapour occurs. At 
WWW* and gas pressure  in a discharge  chamber 

with an evaporated anode, at a free mode of operation 
of a cathode with a space charge of electrons near the 
cathode surface, can be put out (extinguished), in case 
we put the potencial Ve>V. to the additional electrode 
surrounding diode discharge gap, or if we increase gas 
pressure in a discharge chamber to p>p, at W«W*. 

The effective means of stabilizing the 
breakdown of a diode discharge at V,>V« we found and 
the use of an additional electrode with Ve>VB was 
shown to be an effective means of intensifying the 
vapour ionization of an anode material. 

In this case, when thre is an additional 
electrode with V^>Ve, we can speak about a triode 
discharge with a vacuum-evaporated electrode. Further 
increase in ionization coefficient a of the anode 
material vapours in diode and triode discharges way be 
possible due to induction B20.0050 T applied to the 
discharge gap of the cathode-anode magnetic field 
longitudinal to the axis and the transition to the forced 
mode of operation of the cathode without a space 
charge of electrons near the cathode surface, when V« 
and the electric field E in the discharge plasma 
increase. The increase in B and I, and the decrease in 
the current of cathode heating lead to the stabilization 
breakdown of the discharge by the current of an 
additional electrode 1,. The mechanism of the 
breakdown is due to the fact that at a free mode of 
operation of the cathode, at V^V«, the plasma 
potencial near the cathode, the current emission of the 
electrons from the cathode, and plasma conductivity o 
in the discharge "cathode-anode* gap increase, while V, 
decrease even if V=Const and at W^W* the discharge 
breaks down In much the same way we can explain the 
discharge breakdown at p>p!, when the degree of 
relaxation of the electron beam from the cathode 
increases, c also increases, V, decreases at V<!onst, 
W becomes less then W* and the discharge breaks 
down. 

The main advantage of diode and triode 
discharges in comparison with other ISEDEHEV is that 
the first two ones generate accelerated charge- 
compensated plasma flow with the mean ion energy 
Ei«eV, for the diode and eV« ££ SeV« for the triode 
with an earthed cathode. Plasma acccelention takes 
place at p£5 lO"1 Pa at low rate of deposition q of the 
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anode working substance on a substrate, when it is 
placed at a distance of 15 cm from the anode, plasma 
acceleration takes place at qZllCT9 m/s. From this it 
follows that the above discharges are used first all for 
deposition high-adhasive qualitative thin films from the 
material of any conductivity on the substrates 
deposition of any conductivity in particular for 
deposition dielectrics, synthesizign oxides, nitrides, 
carbides, etc. 

Electrion-beam discharges. 
Here the evaporation of the working substance 

of any conductivity from the electrode-crucible with 
an electron beam is used To increase a, an additional 
incandescent cathode is placed into a vapour flow at a 
negative potential to a crucible. Ab the same time this 
makes it possible to provide the highest purity of the 
working substance plasma vapour. The properties of 
this discharge, of course, are similar to those of non- 
self-maintained arc discharge in a rarefied gas. The use 
of such discharge for ionizing the vapours is restricted 
due to a restricted emission capacity of cathodes. It is 
used for electron guns with a power of W0S2iO* w. 
For electron guns with greater power, the only ionizer 
is a beam-plasma discharge which is ignition at vapour 
pressure over the working substance p*il Pa in the 
induction magnetic field B20.03 T longitudinal to the 
electron beam. In this case plasma with oM is formed 
The distribution of ions over charges z in this plasma to 
a first approximation is described by the Gaussian 
function with a mean charge z«>l. The most possible 
mechanism of supporting a beam-plasma discharge in 
this case in an electron-cyclotron resonance which 
should be studied in more detail. If a beam-plasma 
discharge is not ignisior^a beam-magnetron discharge 
is sometimes used [3]. For this purpose an electron 
beam in longitudinal magnetic field is surrounded by a 
cylinder with a positive potential V<>0 relative to the 
earthed crucible. The best effect can be achieved in 
high-temperature materials with high thermoelectron 
emission. 

Technological advantages of all the 
EEDEHEV over a vacuum arc as follows: 
1) the absence of the working substance microdrops in 
a plasma flow, 
2) the ability of evaporating a substance of any 
conductivity, 
3) a wider range of varying technological parameters. 

Thus, EEDEHEV considerably extends 
practical possibilities of a vacuum arc Technological 
advantages of EEDEHEV over a magnetron discharge, 
in particular, to a flat magnetron, consist in : 1) 
considerably larger a~l ; 2) possibility of supporting 
discharge arcing in a pure vapour of a working 
substance without a ballast gas; 3) high rate of 
deposition q. The above advantages lead to a 
considerable improvement, in thin films on 
thermoionic deposition using I3EDEHEV; 

Thus, the physical properties of EEDEHEV are 
studied well enough to be used in practice. But a 
number of physical aspect of EEDEHEV arcing are 
still unknown, specifical, a beam-plasma discharge is 
little investigated The problem of plasma production 
of any chemical element is practically solved But the 
study of EEDEHEV to improve physical models, 
plasma devises and technologies will be continued 
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1. Introduction 

The liberation of electrons from the cathode surface in a 
DC glow discharge is vital for maintaining the discharge 
operation as a supply of charge carriers for the discharge 
region. The emission of these secondary electrons occurs 
due to the bombardment of the cathode by ions, metasta- 
bles, neutrals and photons coming from the discharge re- 
gion [1]. 

Ion bombardment usually provides a major contri- 
bution to secondary emission [1]. In hydrogen, several 
kinds of ions co-exist (H+, Hj and Hj) and bombard the 
cathode concurrently. Moreover, in the cathode sheath 
they efficiently create high-energy neutrals (H, H2) via 
charge-transfer and collision-induced dissociative reac- 
tions. These fast neutrals have similar energy distribution 
functions and particle fluxes, especially at high electric 
fields [2]. The bombardment of the cathode is therefore a 
joint action of the above-mentioned species, which com- 
plicates the understanding and modelling of the emis- 
sion process. Moreover, emission details concerning all 
the species involved in bombarding are not sufficiently 
known, therefore one often avoids to use the emission in 
hydrogen discharge models [3]. 

In this paper, we propose a simple emission model 
for heavy-particle-induced secondary electron emission 
in hydrogen glow discharges. The proposed model is 
tested against various available experimental data for the 
low-pressure Townsend discharge. 

2. Emission model 

An individual emission process is characterized quanti- 
tatively by the secondary electron emission coefficient 
or yield ya(e) defined as an average number of liberated 
electrons per incident particle of type a having energy e 
[1]. It depends on the material of the cathode, the incident 
particle nature and energy. 

In discharge physics, one makes often use of the over- 
all secondary electron emission yield y which character- 
izes the emission process as a whole: it represents the av- 
erage number of electrons liberated per incident ion [1]. 
The advantage of such a formulation is that y is directly 
equal to the ratio of electron to ion current at the cathode, 
a macroscopic boundary condition of discharge models 
[11. 

The two definitions are related as follows: provided 
that the ya(e) is known for species a, the overall ya emis- 

sion coefficient of species a is given by 

Ya= / Ya(e)Fa(e)de, (1) 
Jo 

where Fa(e) is the energy distribution function of parti- 
cles of species a incident on the cathode (normalized to 
1). Here, ya represents the y coefficient as if only the a 
species take part in bombarding. 

The overall y coefficient as used in discharge physics 
and as defined above is given as the weighted sum of con- 
tributions of all the species involved in the bombardment 
[41 

LxYa(e)Mx y = 
Ea'Mx' 

(2) 

where Na represents the particle flux of the species a at 
the cathode and a' denotes only the ionic species in the 
denominator. 

Using the above formulae, one can calculate the y 
coefficient supposing that (i) the emission yields ya(e) 
are known for each incident species and that (ii) the en- 
ergy distributions of bombarding species at the cathode 
are known. 

There are only a few experimental data for hydrogen 
ion- or neutral-induced secondary electron yields [5,6]. 
Fig. 1 presents measurements for incident H and H+ on 
gas-covered Cu surface [5]. It can be seen that the sec- 
ondary yield is virtually the same for H atoms and ions. 
In addition, assuming the independent action of each nu- 
cleus of incident molecular particle, the secondary elec- 
tron emission yield is given by: 

YH*(e) = *YH(eA), (3) 

where k numerates the number of incident nuclei. The 
hypothesis (3) gives the Ya(c) for all the other species as 
shown in Fig. 1. Note that the molecular species have 
much lower yields in the low-energy region, which is 
consistent with the Auger emission mechanism [4]. 

The distributions Fa(e) can be obtained from the ki- 
netic model of the discharge as described below, so that 
the y value can be calculated using Eqs (l)-(3). 

3. Kinetic model 

The kinetic model of the Townsend discharge is similar to 
[2]. Further details can be found in [7] which is a paper 
at this conference and are therefore not described here. 
The simulation provides the energy distribution function 
of bombarding ions and neutrals. 
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Fig. 1:   The secondary electron emission yields for various 
hydrogen projectiles used in the model. 
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Fig. 2: The overall y coefficient over a large E/n range. Various 
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Fig. 4: The contribution of various species to overall y as a 
function of E/n. 

4. Results 

Fig. 2 compares the present model and various experi- 
mental results [6,8,9]. We have not treated the photon- 
induced emission but used the results of Phelps [6]. The 
figure shows a very good agreement over all the E/n 
range and indicates the importance of photon-induced 
emission in majority of low-field experiments. 

The y values at low E/n are plotted in Fig. 3 together 
with deliberately scaled experimental results of [4] with 
the purpose to show the threshold-like behaviour of the 
emission. The onset is situated at around 300 Td both in 
the model and the experiment. The model results suggest 
that the onset appears when molecular species and espe- 
cially H3 (the most abundant species in this E/n region 
[2]) gain sufficient energy to pass the emission threshold 
(see also Figs 1,4). The model results in Fig. 3 do not 
saturate at 300 to 400 Td as observed in [4]. 

The species responsible for emission at various E/n 
can be inferred from Fig. 4. Neutral-induced emission be- 
comes dominant at several kTd. Note that in [4], H+ was 
identified as the sole species causing emission at around 
400 Td, while present results show also a significant con- 
tribution of H3. The experimental method of identifica- 
tion used in [4] discriminated high-energy M3" due to the 
possibility of its collisional breakup to H+. 
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To investigate the effect of an oblique end-plate on the transition layer between a plasma and 
an absorbing wall, we measured the space potential at the end-plate in a magnetized sheet 
plasma from the view of the two-dimensional boundary-like plasma. The magnetic presheath 
increases with increasing the angle of the end-plate. The thickness of magnetic presheath is 
several times as larger as the ion Larmor radius. The potential drop at the magnetic presheath 
is of the order of T/e. 

l.Introduction 
The transport of charged particles along with the 

magnetic field lines dispersed at the walls is important 
for the researches on the laboratory plasma, divertor 
plasma and so on. In particular, when a wall is placed 
at an angle to the magnetic field, the particle diffusion 
toward the wall deviates markedly from the uniformity 
by the electric field, the density and the temperature 
gradients. Such imbalances are expected to give some 
remarkable effects on plasma parameters, the edge 
potential and particle flow along the magnetic fieldfl- 
3]. In the magnetic field intersecting the surface at a 
shallow angle, Chodura showed that the transition 
layer has a double structure composed of the magnetic 
presheath and the Debye sheath. Using a kinetic 
analysis by K.Sato et. al., he found that an oblique 
magnetic field provides two presheath mechanisms; 
one is due to the ion polarization drift and another is 
due to finite ion-gyraradius effects [3]. These processes 
at the plasma-wall boundary are very complex. 

In order to investigate the effect of the plasma-wall 
boundary with the oblique end-plate, we use a 
magnetized sheet plasma produced by a TP-D type 
discharge apparatus [4]. We can consider the sheet 
plasma as a "two-dimensional boundary-like" plasma 
that still preserves an overall charge to be neutral. The 
study of the thin plasma column, whose thickness is 
the order of the ion Larmor radius pb is important from 
the view points, such as the effect of dc electric fields 
on particle dynamics and the effect of the potential 
wall in sheet plasma on ion Larmor radius and so on. 
Thus, we measured the space potential to investigate 
the effect of an oblique end-plate, on plasma 
parameters. 

(a)        Langmuir probe 
( Electron density) 
(Electron temperature) 

Emissive probe 
(Space potenial) 

Ar Sheet 

Target 
(Floating potenial) 

(b) 

Emissve probe 
(ThW:0O.1) 

Langmuir probe^ 

(W: 0 0.4)^2 

, ®—; 

T30mm 

-l-Omm 
^T \ e 

Ar sheet 
plasma   f        y~     ~w ' 1-30 mm 

Target 
(Floating potenial) 

Fig. 1. Schematic drawing of (a)the plasma at 
end-plate and (b)measuring system. 
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2.ExperimentaI apparatus 
Schematic drawing of the plasma at end-plate and 

measuring system are shown in Fig.l (a) and 
(Irrespectively. The sheet plasma device is divided 
into two regions: the discharge region and the 
experimental region. A TP-D type plasma source, which 
was originally developed at the Institute of Plasma 
Physics in Nagoya University, is in the discharge region. 
This plasma source is composed of a cathode, an anode 
combined with a floating electrode system having a 
hole of rectangular cross-section. The dimensions of 
the anode slit are 1.5mm in thickness and 30mm in 
width. The strength of the magnetic field in the 
experimental region formed by ten rectangular 
magnetic coils is ^ lkG, and the pressure in the 
experimental region is ~ 10"4 Torr. 

The oblique end-plate was placed at 70 cm away 
from the anode slit along the axis of the device in an 
open-magnetic-filed (~0.1 kG). The potential of end- 
plate is floating potential. In the plasma-wall transition 
layer, the direction of the magnetic field is parallel to 
the plasma flow (z direction) and the electric field is 
perpendicular to the oblique end-plate. The angle 
between the magnetic field and the electric field 8 is 
changed 0°, 30°, and 60°. The oblique end-plate is 
perpendicular to z expressed in 6 = 0°. 

A Langmuir plane probe (W:cj> 1 mm) was 
employed to measure basic plasma parameters, such as 
the electron density and the electron temperature. 
The plasma potential, (j>p, was measured with an 
emissive probe (0.1 mm in diam, 2 mm long) heated 
with dc power supply. The potential measurements 
were performed in the Z direction from the end-plate at 
the center of the magnetized sheet plasma. 

3.Experimental Results 
The experimental conditions are as follows: the 

discharge current is 16 A, the strength of the magnetic 
field is about 0.1 kG. Fig. 2 shows the potential 
profiles for the various angles of the end-plate as 
functions of the Z/p;: p; is the ion Larmor radius. 
When the argon gas flow rate for sheet plasma 
production is 9 seem, the electron temperature is 6.5 
eV. At the same time, the floating potential of the end- 
plate is about -32 V. When the oblique end-plate is 
perpendicular to z, i.e., 6 = 0°, the <|>p shows a sudden 
drop in front of the end-plate. For 0 * 0 °, the profile of 
<J>p is composed of two parts: a slowly falling part that 
is called "magnetic presheath" succeeded by the sharp 
fall of the sheath region at the wall. With increasing 
angle the potential drop in the presheath increases. 
The scale length of the magnetic presheath is several 

Fig.2. The potential for the various angles of the 
end-plate in a magnetized sheet plasma as 
functions of the ZJp{: p; is the ion Lamor radius. 

times as larger as the ion Larmor radius. The potential 
drop at the transition layer is of the order of Te / e. 

4.ConcIusions 
We have investigated the effect of an oblique end- 

plate on plasm?, parameters by using the sheet plasma 
designated as the two-dimensional boundary-like 
plasma. With increasing angle the potential drop in the 
magnetic presheath increases. The total potential drop 
between plasma and wall is insensitive to the angle of 
the end-plate. The magnetic presheath is increases with 
increasing the angle of the end-plate. The magnetic 
presheath scale is several times as larger as the ion 
Larmor radius. The potential drop at the transition 
layer is of the order of Te/ e. 
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1. Introduction 

Excited state atoms in inert gas discharges play an 
essential role for the principles of plasma formation. 
They are well known to take part in spatial and 
temporal relaxation processes which are considered 
to be outstanding features for a detailed 
understanding of the discharge processes [1] and the 
dynamic behavior of glow discharges (e.g. [2]). 
Therefore it is extraordinaryly desirable to know 
exactly the spatial distributions of the excited 
species. 

In this paper, we present axial density measurements 
of excited neon atoms consisting of both metastable 
(ls3, ls5) and resonant (IS2, ls4) states in a glow 
discharge in the vicinity of the electrodes by laser 
induced fluorescence, yielding state selective results 
of a high spatial resolution . Owing to the principles 
of this method an optical method employing light 
pulses of short duration will not affect the plasma 
itself as it should be expected in probe measurements, 
especially in the vicinity of the electrodes. 

2. Experimental results 

The experiments were performed in a neon glow 
discharge (r0= 1 cm, pf 1.5 Torr, cWod« = 0.75 
cm) driven by a current source (i<25mA). Densities 
were measured by laser induced fluorescence 
spectroscopy employing a pulsed dye-laser system (T 
= 10 ns) operated at visible wavelengths in order to 
cover ISJ -» 2pk transitions (Paschen notation) of 
neutral neon (Nel). The wavelengths of the observed 
fluorescence were chosen to be distinct from the 
pumping wavelength in order to suppress scattered 
light from the discharge tube (3-level pumping 
scheme). The pulse energy of the laser yields high 
saturation parameters S. Thus, the excitation process 
will be governed by coherent processes that have to 
be treated by a time dependent Schrödinger equation 
for the density matrix [3]. In order to suppress the 
influence of coherent excitation effects, a large 
number of the fluorescence experiments (n=200) for a 
given axis position (x) and discharge current (i) were 
performed with slightly varying pulse energies 
fulfilling the condition of large saturation (S»l). 
Thus, the mean value of the signal corresponds to the 
pulse-energy averaged expectation value of the 
atomic state yielding the classical limit. In order to 
prove this method of energy-averaged saturation 
spectroscopy    we    compared    our    results    with 

independent density measurements in the positive 
column formerly derived by absorption spectroscopy 
[4]. Our results agree very well with the absorption 
measurements for different currents (discrepancy less 
than 20 %). 

Here, we present axial density measurements at a 
discharge current of about i=1.6mA. The laser light 
was irradiated perpendicularly to the discharge axis; 
observation was both perpendicular to the discharge 
axis and the laser beam. The axial resolution was 
better than 1.5 mm. 

Qualitatively the densities of all species investigated 
decayed in the direction of the ASTON dark space. 
We have to mention that in front of the cathode 
density measurements were restricted due to a 
decrease of transparency of the discharge tube as 
depicted by hollow symbols in Fig. 1. At longer 
distances from the cathode densities rose to values 
which are typical for the positve column. We 
observed a spatially damped periodicity at the head of 
the positive column. Quantitatively the portion of the 
ls3 atoms of all excited atoms was less in the cathode 
region than in the positive column. The relation of 
densities in the positive column at i=1.6 mA was 
given by nß:n83:n84:ne5=l:44:16:220 with a density of 
ls5 atoms of about ^5=4.2 x 1011 cm"3 in the positive 
column. Absolute experimental uncertainities due to 
the calibration procedure were less than 30 %, while 
relative errors between different species were less 
than 5 %. 

lxlO12 

\  r 

1x10' 

—▼— Is  — t 
2 

—•— Is   —■ Is 

0      2 4 6      8-8 -6 -4 -2     0 
Cathode x [cm] Anode 

Figure 1: Axial density distribution of excited neon 
atoms in a glow discharge (r0= 1 cm, p0= 1.5 Torr, i 
= 1.6 mA). Hollow symbols belong to the cathode 
region, where the transparency of the discharge tube 
was reduced due to the sputtering of the cathode. 
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In the vicinity of the anode a decay of lSj densities 
with a typical scale of about 1.5 cm was observed. 
Close to the anode (approximately 2mm) densities 
increase strongly corresponding to the anode glow. 
Figure 1 displays the axial behavior of Is densities 
from the cathode to the anode of the discharge. 

Figure 2 depicts the densities in the vicinity of the 
anode for the predominantly populated metastable 
(ls5) and resonant (ls4) states in detail. The relative 
distribution of less populated metastable (ls3) and 
resonant states (IS2) were found to be similar; their 
absolute values correspond to the portion in the 
positive column. In detail it was found that the decay 
of resonant state atoms is slightly smoother than the 
decay of metastable atoms. 
Physically the decay in front of the anode may be 
understood as a spatial relaxation phenomenon of the 
metastable and resonan state atoms in the discharge. 
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Figure 2: Axial density distribution of excited ls4 and 
ls5 neon atoms in the vicinity of the anode (x=0cm). 
The sharp decay in front of the anode (-L5mm<x< 
0mm) corresponds to the cut laser diameter in front 
of the anode. For discharge parameters see Fig. 1. 
Note the different scales for the metastable (ls5) and 
the resonant (ls4) states. 

3. Conclusions 

Axial density distributions of excited lSj state atoms 
in a low pressure neon glow discharge were measured 
in front of both a plane cathode and plane anode. The 
results are consistent with former results of 
absorption measurements in the positive column. 
Minima correspond to the well known dark spaces. It 
should be remarked that light emission in the dark 
spaces (corresponding to 2pk-^lsj transitions owing 
to collisional excitation processes) is nearly 
vanishing, although the lSj densities decay only to a 
value of about 1/20 of the positive column value. 
Experimental results suggest that the transition 
regions of the positive column (column head and 
anode region) are governed by spatial relaxation 
processes. 
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1. Introduction 
Hydrogenated amorphous carbon (a-C:H) films have 
great potential in industrial applications such as hard 
protective coatings, electrical insulator and passivation 
layers and are commonly deposited using radio 
frequency (RF) plasm;i enhanced chemical vapor 
deposition (PECVD) method. H2 dilution of CH, has 
been often used to produce a-C:H films, because their 
properties strongly depend on the hydrogen content of 
the films [1]. Recently Naito et al. have studied the 
correlation between the deposition rate of a-C:H and 
CH3 density measured using infrared diode laser 
absorption spectroscopy in CH4+H2 RF discharges [2]. 
The results suggested a possible decrease of the sticking 
probability of CH3 with an increase of the H2 partial 
pressure. Therefore, it is important to get information 
about the surface reaction probabilities for CH3 on 
a-C:H films in CR,+H2 RF discharges to improve 
understanding and control of the deposition process. 

Previously, we reported on measurements of absolute 
radical densities in SiR,, CR,, and H2 RF discharges by 
using the threshold ionization mass spectrometry 
(TIMS) technique [3,4]. Time-resolved TIMS was used 
to obtain surface loss probability ß of SiH3 on a-Si:H 
films in SiH, RF discharges, ß of H on stainless steel, 
a-Si:H and oxidized silicon in H2 RF discharges, and ß 
of CH3 on a-C:H in CR, RF discharges [5,6]. We report 
here on the ß value of CH3 on a-C:H in RF discharges 
in CR, diluted with H2. 

2. Experimental 
The experimental set-up and measurement method 
have been described in detail elsewhere [3-5]. The 
13.56 MHz RF discharge was confined in a cylindrical 
volume between two parallel-plate electrodes (R = 6 cm 
radius and L = 3.3 cm interelectrode distance) and a 
grounded grid. In this study, an isothermal and 
electrical symmetric reactor was employed instead of 
the non-isothermal asymmetric one used previously, in 
order to facilitated the interpretation of the results. 
Both electrodes were heated at 523 K. The self-bias 
voltage is less than 10% of the discharge voltage 
(250 V) for an effective RF power coupled to the 
discharge of 5 W. Reactive gases CR+H2 were 
supplied through the RF shower electrode at a total 
flow rate of 50 seem, and the filling pressure was 20 
Pa. A Si wafer was placed on the lower grounded 
electrode. 

The mass spectrometer was mounted under the 
grounded electrode to measure the radical density near 
the substrate. The absolute CH3 density was detected 
using TIMS. The time evolution of the radical density 
in the afterglow was determined with a multichannel 
sealer connected to the output of the mass spectrometer. 
The discharge was turned on and off at about 5 Hz 
(50% duty cycle), and the signals were accumulated 
synchronously. 

3. Kinetics of the Radical-Surface Interactions 
In the post-discharge, the conservation equation for 
CH3 is dnldt = - 2ATJ

2
 + DV2n, where n is the CH3 

density, k the recombination reaction rate (3xl0'12 

cmVs at 523 K and 20 Pa [7]), and D the diffusivity. 
The boundary condition is. I dnldq I = nIX, with 

1 v \ _1_ 
X    D4U-/7/2, 

where q is a generalized spatial coordinate, 
thermal velocity of CH3. 

the 

Under the present experimental conditions, the 
characteristic length X for CH3 is much larger than the 
dimensions of the discharge. In addition, gas phase loss 
of CH3 is small compared to diffusion and surface 
reaction losses. Therefore, a 0-dimension 
approximation can be applied for the conservation 
equation of CH3, i. e. 

dn 2    A v      ß 
— = -Im n 
dt VA\-ßl2 

where A and V are the surface area and the volume of 
the discharge. Using this equation, the time evolution 
of /?is deduced from that of the CH3 density. 

4. Results and Discussion 
Figure 1 shows the time evolution of ß deduced from 
the density decay of CH3 with the CR, concentration as 
a parameter. In the post-discharge, the ß values rapidly 
decrease, from initial values of 0.6-1% to about 0.2% in 
7-10 ms. They further continued to decrease down to 
less than 10'5 (probably to 0) for t > 0.2 s. The initial ß 
value increases with decreasing the CR, concentration. 

Now we consider the surface reaction kinetics leading 
to the results in Fig. 1. Important species involved in 
the kinetics are ions, CH3 radicals and H atoms. CH/ 
(n=0-5) and C2Hn

+ (n=0-6)  ions creates the active 
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RF off t (ms) 
Fig. 1. Time evolution of the surface reaction 
probability ß of CH3 on a-C:H with CK, concentration 
as a parameter. 

chemisorption sites on the surface during the discharge, 
while H„+ (n=l-3) are less efficient, due to their light 
mass. CH3 radicals are incorporated into the film at the 
activated sites. H atoms also are expected (1) to create 
the activated sites due to H abstraction reaction, (2) to 
react with CH3 on the surface and desorbed as CK,, and 
(3) to terminate the activated sites. The reactions (1) 
and (2) enhance the Rvalue of CH3( while the reaction 
(3) reduces it. 

To get information about the production of the 
activated sites due to ions and the annihilation due to 
CH3, relative ion densities and absolute CH3 density 
were examined as functions of the CK, concentration. 
Results are shown in Fig. 2. The total ion density is 
nearly constant, the CH/ density decreases by about 
25% for CK, concentration from 100% to 20% and 
CHn ions remain the predominant ionic species. As the 
H2 concentration increases from 0 to 80%, H„+ density 
increases by two orders of magnitude and C2H„+ 

decreases by a factor 4. The sum of CH+ and C2Hn
+ 

densities increases slightly (by about 35%) with the 
CH4 concentration. Then, the production rate of 
activates sites due to ions is considered to remain 
constant for all the gas mixtures. The CH3 radical 
densities increase almost linearly from 3.8x10" to 
2.1xl012 cm'3 with the CH4 concentration. If we neglect 
the surface reactions of H, ß should be proportional to 
[CjHn^/n (where [QH/] is the total density of CH„+ 

and C2IC). Then, from the ion densities shown in 
Fig. 2, we should obtain an increase of ß, with 
decreasing CK, concentration, much faster than what is 
observed. Therefore, other species principally H atoms, 
the density of which increases with H2 concentration, 
have to be taken into account to reduce the ß value. 
This hypothesis is consistent with the fact that an 
estimated reaction rate for mechanism (3) is larger by 
more than two orders of magnitude than for (1) [8]. 
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Fig. 2. Relative ion and absolute CH3 densities as a 
function of CH4 concentration. ■: total ion density, 

• :H;,A:CHn
+,T:C2H;,+:CH3. 

Measurement of H atom density is necessary for further 
discussion. 

The time evolution of ß, can be understood as follow. 
The ions mainly create activated sites on the surface 
during the discharge and then enhance the ß value. 
After turning off the discharge, the activation becomes 
negligible in few ms due to the rapid decay of the ion 
density. Therefore, in the afterglow the sites are rapidly 
occupied initially by both H and CH3 and then only by 
CH3, since H is expected to be more reactive on the 
surface than CH3 [8]. Thus the Rvalue, for the low CH, 
concentration, decreases first rapidly due to the higher 
H density, and then more slowly due to the lower CH3 

density. In the far afterglow, the final value ß = 0 
agrees with the result of molecular dynamics 
simulations which give zero sticking probability on a 
diamond surface completely terminated with H [9]. 
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1. Introduction 

Radio frequency glow discharges are commonly used 
in plasma assisted CVD processes in order to get 
growth of coatings at relatively low temperatures. The 
present study is part of a larger research program on 
the deposition of silicon carbide based films on steel 
substrates from Ar-H2-Si(CH3)4 (tetramethylsilane: 
TMS) gaseous mixtures [1-3]. The input gas flows 
from downward to upward in a cold wall tubular 
vertical reactor. The discharge is created by an external 
coil which is connected to a radio frequency generator 
(2MHz). A fundamental goal was to investigate the 
process by optical emission to contribute to the 
understanding of the deposition process which leads to 
hard coatings of different compositions even in a 
narrow range of the deposition conditions. 

2. Experimentais 

The substrate on which deposition occurs was 
grounded through an embedded thermocouple and was 
located outside the coil. In such a device, the substrate 
temperature is essentially governed, for a given input 
power, by its distance to the coil and also by the 
convective exchanges with the plasma. The 
experiments were carried out at a steady state 
temperature of 850K. Nevertheless, whatever the total 
presure (300-3000 Pa) and the substrate coil distance 
(8-36 mm) are, the glow discharge aspect is identical. 
It is constituted by a very luminous sheath 
surrounding the substrate followed downward by a 
dark space and then by a weak luminous volume 
inside the coil. 
Optical emission is sampled parallel to the discharge 
axis or perpendicularly by means of an optical fiber 
equipped with an afocal system. A high resolution 
spectrometer (focal length lm, double pass) with a 
1800 lines/mm grating and a slit entrance of 50um 
was used. A CCD detector cooled with liquid nitrogen 
allows the analysis of the dispersed light. With such a 
device, the spectral lines emitted by a low pressure 
argon lamp exhibit linewidths (FWHM) of 0.01 lnm 

3. Results 

The profiles of the emission lines and their widths 
depend strongly on the nature of the emitting species. 

- The AT and Ar+ lines are purely gaussian 
with      FWHM   values  which   correspond   to   the 

apparatus function. The result is independent of the 
way to sample the optical signal either perpendicular 
or parallel to the discharge axis. 

- The molecular hydrogen (Fulcher system) 
behaves quite similarly: only a slight doppler 
broadening can be observed. 

- The atomic hydrogen lines H«, Hß, are 
significantly broadened. Their profiles are no longer 
ascribed to a Voigt function and they change with the 
distance to the substrate. For Ar-H2 mixtures the line 
profiles are the convolution of two gaussian 
components centered on the same wavelength 
meanwhile they result of the combination of three 
gaussian components when TMS is added in the input 
gas. In all cases the energy of the narrow component 
(NC) is about 0.25 eV; the broad component (BC) 
reaches 24 eV close to the substrate. The third 
component called intermediate component (IC) which 
is characteristic of the TMS dissociation exhibits an 
energy value of 1 eV at the substrate interface. 

- The Si+ lines have a pure gaussian profile 
when sampled perpendicularly to the discharge axis. 
The measurement of their width leads to energies up 
to 40 eV. When the observations are parallel to the 
discharge axis these lines are splitted in two 
« components » shifted from their standard position in 
wavelength. But the Doppler shifts lead to identical 
energies. 

4. Discussion 

The excitation mechanisms responsible of the 
formation of low energy excited hydrogen atoms are 
known to result from electronic collisions with 
molecular hydrogen [4-8] . The energy of the third 
component could be explained in the same way by the 
dissociative excitation of radicals issued of the TMS 
molecules. 
On the other hand, the only way to explain high 
energy atoms such as Si+ and the broad component of 
H (BC) is to consider mechanisms in which the ions 
are accelerated in the electric field [7,9] of the sheath 
surrounding the substrate. The observed values    for 
Si+ are a direct proof of this kind of mechanism. As, 
even with our optical system of high resolution , Ar+ 

does not appear to be accelerated one can deduce that 
the reduced electric field E/n is always lower than 800 
Td. For such values it is impossible to observe the 
doppler broadening due to the drift velocity [10] which 
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can be calculated from the charge exchange cross 
section of Ar+ in Ar [11]. 

For the Si+ line profiles, when they come from 
observations perpendicular to the discharge axis, a 
good fit is obtained with one unshifted gaussian profile 
which denotes a distribution with a single 
temperature. The splitting of the lines observed in the 
direction parallel to the axis indicates that there is a 
flux of ions moving away from the substrate and a flux 
of ions moving towards the surface. The Si+ energy 
does not depends on the way of sampling. Therefore, 
there is no directional velocity effects due to the 
applied electric field. In all cases the line intensities 
reflect the emission of all the excited silicon ions. 
In same conditions, the drift velocities of IT1", H2+, 

H3+ in Ar [12] and also in H2 [13] can be calculated. 
The analysis of these calculations in relation with the 
charge transfer cross sections lead us to conclude that 
the energy of hydrogen atoms result mainly from 
collisions of IT1" with H2. 
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1. Introduction 

In the past decade, plasma-nitriding has emerged 
as a viable commercial tool for increasing the load 
bearing capacity and surface hardness of steel through 
the incorporation of sub-surface nitrogen into the 
metal. In commercial nitriding, treatment is usually 
conducted in an abnormal glow discharge through a 
nitrogen-hydrogen mixture at elevated temperatures 
(-500° C). However, despite commercialisation of the 
plasma-nitriding procedure, the precise mechanism 
allowing the incorporation of nitrogen into the metal 
surface and the role played by hydrogen within the 
discharge remains unclear [1]. 

More recently, rf discharges in low-pressure 
nitrogen have been shown to be a convenient medium 
for plasma nitriding [2,3]. These plasmas are 
convenient since process parameters such as workpiece 
temperature and bias are independent of the plasma 
generation. Furthermore, these plasmas provide a 
technique for nitriding stainless steel at relatively low 
temperature, so avoiding the loss of corrosion 
resistance that generally occurs above 450° C [4,5] and 
distortion of the workpiece brought about by higher 
treatment temperatures. However, the reduction of 
treatment temperature, despite the advantages that it 
offers, results in nitrided layers that are in general 
thinner than those obtained with higher temperature 
treatments. 

We report here improvements in the nitrided layer 
thickness of low-temperature nitrided AISI-316 
stainless steel by the introduction of admixtures of 
hydrogen to the nitriding environment. We also discuss 
these effects in the light of fundamental studies 
concerning surface effects in pre-breakdown regimes 
involving hydrogen. 

2. Experimental Techniques 

Polished disks of AISI-316 stainless steel, 25 mm 
in diameter and 4 mm thick, were treated in the PI3 

nitriding facility at the Australian Nuclear Science and 
Technology Organisation [6]. These treatments were 
conducted with various admixtures of hydrogen to the 
nitriding regime, keeping the partial pressure of 
nitrogen within the gas mixture constant. Table I lists 
the process parameters used. 

After treatment, the microhardness of the nitrided 
surfaces were examined using a Nano-instruments IIs 

micro-indenter [7]. The nitrided layer thickness was 
measured by examining a transverse section of the 
nitrided sample, etched in Marble's solution, with a 
JEOL JSM-5800LV scanning electron microscope. The 
optical emission from these plasmas was explored using 
a SPEX 270M spectrometer. 

Pre-breakdown investigations were conducted 
separately using the techniques and equipment 
described by Ernest et. dl. [8] and Haydon et. al. [9]. 

3. Results 

Figure 1 displays the measured thickness of the 
layer formed during the nitriding process as a function 
of percentage hydrogen admixture. Addition of 
hydrogen to the discharge dramatically enhances the 
thickness of the formed layer: layer thicknesses were 
approximately double for admixtures of hydrogen in the 

Table I. Process parameters used in this work. 

sample temperature 400° ± 10° C 
rf power 300 W 
rf frequency 13.56 MHz 
N2 partial pressure 180 mPa 
admixture H2 0-75 % 
sample bias 0 V dc (ground) 
treatment time 3hr 
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Figure 1.   Nitrided layer thickness as a function of 
hydrogen admixture. 
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Figure 2. Microhardness as a function of hydrogen 
admixture. The indenter load was 50 mN. 

range 15-50 %. A similar trend is observed in the 
microhardness of treated samples as a function of the 
hydrogen content, as shown in Figure 2. Increases in 
the microhardness of similar proportions are observed 
compared to the micrhardness of the sample treated in 
pure nitrogen alone. 

We are currently exploring the spectral features of 
these plasmas using an optical spectrometer in order to 
establish the roles of both neutral excited species and 
ions in the plasma. Correlation of these spectral aspects 
of the plasma chemistry with the enhancements 
produced in the nitrided layer properties by hydrogen 
admixtures will be reported at the conference. 

In complementary studies we examined the surface 
properties of AISI-316 stainless steel when used as a 
cathode in a pre-breakdown discharge. Measurements 
of the spatial growth of current under conditions of 
constant reduced electric field EIN provide a means for 
examining the condition of the cathodic surface. 

Figure 3 displays two spatial growth of current 
measurements in nitrogen at a pressure of 5 Torr with 
EIN set to 283 Td. The first measurements (a) were 
made after extensive out-gassing of the vacuum system 
by baking at a temperature of 200° C. Following this, 
the second set of measurements (b) were recorded after 
further treatment of the cathode with a dc hydrogen 
glow. It is evident from the dramatic reduction in the 
critical breakdown distance that hydrogen 
bombardment of the cathode has enhanced the 
efficiency of the cathode to release new electrons into 
the pre-breakdown discharge. This more efficient 
response to the pre-breakdown discharge can be 
attributed to a greater interaction of the steel surface 
with the secondary mechanisms in the pre-breakdown 
nitrogen such as long-lived neutral excited states. 
Indeed, such species of nitrogen are well known to play 
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Figure 3. Spatial growth of current measurements in 
nitrogen using an AISI-316 stainless steel cathode, (a) 
after baking, (b) after hydrogen treatment. 

an important role in nitriding [10]. Hence, surface 
effects of this nature may be related to the 
enhancements produced by hydrogen admixtures in 
nitriding. 
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1. Introduction 

Capacitively coupled RF discharges are important in low 
pressure plasma processing for etching, thin film 
deposition techniques like plasma polymerization or for 
SiOx deposition [1]. Silicon-organic compounds are proved 
precursors. Among them tetraethoxysilane (TEOS, 
Si(OCH2CH3)4) is often used for plasma polymerization 
and with 02 admixtures for SiOx deposition [2]. An 
effective optimization of the process techniques demands 
an understanding of the plasma reactions and properties 
which can be investigated by plasma diagnostic like optical 
spectroscopy, Langmuir-probe measurements and mass 
spectrometry. With the mass spectrometry it is possible to 
investigate the neutral components as well as the ions in 
the plasma. 
Mass spectrometric investigations of TEOS plasmas are 
known only for the neutral gas [2,3]. In this paper are 
presented results of the mass spectrometric measurements 
of the ions and neutral gas in a capacitively coupled Ar- 
TEOS RF discharge (13.56 MHz). These measurements 
are completed by mass spectrometric determination of the 
partial and total electron impact ionization cross sections 
for electron energies between threshold and 100 eV using 
a method described recently [4]. 

2. Experimental 

The RF reactor (Fig. 1) consists of a stainless steel vacuum 
chamber with two planar steel electrodes of 128 mm 
diameter and spacing of 40 mm. The upper electrode is 
capacitively coupled through a matching network to an RF 
generator (ACG-5, ENI) while bottom electrode and the 
chamber wall are grounded. The RF power transmitted to 
the matching network was measured by the VI Probe 
(ENI), it varies from 15 to 120 W. Moreover the sustaining 
RF voltage, the DC-self bias and the thickness of the dark 
space in front of the powered electrode were measured. 
The vacuum system is evacuated by a turbomolecular and 
a rotary pump. The gas flow rates are regulated by the 
Multi Gas Controller 147 (MKS Baratron) with mass flow 
controller (MFC). 
The plasma monitor (SXP 300H, VG Instruments) with 
ion transfer optics, electron impact ion source, cylindrical 
mirror analyzer (CMA) and quadrupole field enables the 
determination of neutral and ion composition of the plasma 
including the energy distribution of the ions hitting the wall 
(TED). The ion sampling orifice (d = 0.1 mm) is located at 
the chamber side wall equidistant to the electrode surfaces. 
The TEOS admixture was held at 2% to keep the 
deposition rate low, the Ar pressure was 5 Pa, the flow rate 
5 seem. 

o 

1 I 
1 

i 

^ $ ^MFC 

Plasma- 
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Pump T Pump 

Fig. 1. Scheme of the reactor with plasma-monitor. 

3. Results and Discussion 

The electron impact ionization cross section measurement 
shows that the TEOS molecule decomposes into more than 
40 fragment ions with intensities >1% of the base peak 
(m/z 193). The appearance energies and relative intensities 
of selected ions are presented in Table 1. The rate constants 
for electron impact ionization of TEOS for formation of 
these ions are calculated with the measured cross sections 
and a Maxwell distribution of the electrons (Fig. 2). 

m/z formula rel. int.% app.energy eV 

208 SiO4CgH20 26.1 7.2 

193 Si04C7HI7 100 8.4 

179 SiO„C6H15 24.5 8.2 

149 Si03C5H13 80.5 11.4 

119 Si02C4H„ 31.4 15.2 

Table 1. Mass number, sum formula, intensity in relation 
to the base peak, and appearance energy of the 
molecular and selected fragment ions of TEOS. 

With the electrical data (input power 50 W, RF voltage 810 
VPp, DC self bias -360 V, thickness of dark space 0.9 
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25 

kBTe[eV] 

Fig. 2.    Rate constants for electron impact ionization of 
TEOS in relation to electron temperature 

mm) an estimation of electron temperature (2.7 eV) and 
mean electron density (7*1015 m"3) was possible by a 
charge carrier balance assuming direct ionization of Ar and 
using Langmuir Child law [1], the sheath equation [5] 
andischarge model [6]. 

The main observation concerning the neutral gas is the 
strong decay of the TEOS concentration after the ignition 
of the discharge. In the neutral gas spectrum the base peak 
(m/z 193) was not detectable, whereas a plasma ion m/z 
193 was measured. An estimation of the TEOS 
concentration assuming direct electron impact ionization 
only and using the rate constants for the TEOS ion 
production (Fig. 2) and for Ar ions [1] with an electron 
temperature of 2.7 eV results in a value of N^gg/N^ = 
2*10^ The main neutral gas components besides Ar are H2 

^lO"2), CO (2*10'). Lower hydrocarbons are observed in 
the spectrum too, but with smaller intensities. 
The ion current to the grounded reactor wall is determined 
(Fig.3) by the Ar+, ArH+, COH\ C2H2\ C2H3

+, H30
+, CH3

+ 

andH3
+ ions. Ions of the TEOS molecule are observed, but 

the intensities are two orders of magnitude smaller than the 
Ar+ ion signal. The dependence of the relative intensities 
on the RF power is small, however with increasing power 
the relative intensity of the heavier TEOS ions is lowered 
whereas the portion of the smaller ions is slightly 
increasing. The comparison of the intensity of the TEOS 
ions with the results of ionization cross section 
measurements shows, that the intensity of the plasma ions 
with decreasing mass number is higher than the expected 
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Fig. 3.    Relative intensities (related to the total intensity) 
of selected ions of the Ar-TEOS RF discharge 
(5 Pa, 2% TEOS) over RF power received by 
integrating the IEDs over the energy range. 

intensity after calculating the ion production rate with the 
rate coefficients (Fig. 2) for electron temperatures between 
2 and 3 eV. This behaviour may be explained by secondary 
processes, including ion-molecule reactions and plasma 
induced decomposition of the plasma polymer films. 
ArH+, COH+, H30

+ and H3
+ are also products of ion- 

molecule reactions preferably with the molecular 
hydrogen. The maximum kinetic energy of the ions hitting 
the grounded wall is nearly 30 eV. The shape of the IED 
shows the influence of collisions in the sheath. 
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Introduction 
Plasma borizing of stainless steels and titanium alloys 
has been achieved in mixtures of Ar-H2-BCl3 [1]. Also, 
Plasma Enhanced Chemical Vapour Deposition 
(PECVD), has been performed with BCI3 and TiCli gas 
mixtures to obtain TiB2 thin films [2,3]. Plasma 
diagnostic had been reported by Optical Emission 
Spectroscopy (OES) in Ar-BCl3 gas mixtures in a 
microwave flowing discharge for deposition of borides 
on metal surfaces, located downstream the plasma [4]. 
In this paper, particular attention is paid to the reaction 
of oxygen with boron species when O2 is introduced 
into the reactor in discharge or in post-discharge 
conditions. 

The experimental set-up 
The experimental setup is reproduced in fig. 1. A 
microwave discharge (2.45 GHz) is produced in a quartz 
tube (inner diameter 5 mm) in Ar-BCl3 gas mixtures at 
a standard gas pressure of 700 Pa (5 Torr) and a total 
flow rate of about 1 slm. Oxygen can be introduced 
either in the Ar-BCl3 gas mixtures (process 1 in fig.l) 
or downstream the plasma to analyse the 
chemiluminescent reactions with B atoms (process 2 in 
fig.l). The radiative species have been analyzed by 
emission spectroscopy in the plasma and the post- 
discharge conditions by means of a movable optical 
fibre which is connected to a Jobin-Yvon HR 640 
spectrometer (1200 grooves mm"1 grating) equipped 
either with a photomultiplier tube (PM) (Hamamatsu 
R636) or with an Intensified Photodiode Array Detector 
(IPAD) (IRY / 1024 G/B). A spectral resolution of 0.1 
nm is obtained with slits of 100 um width. 

J       Quinz 
4 dudurp tula 

r« —»J    ♦|«Smm 
To the pump i 

Figure 1: Experimental set-up 

Detection    of    radiative    species    in 
discharge and post-discharge conditions 
The emission spectra between 320 and 500 nm of an 
Ar-0.4%O2-1.5%BCl3 plasma at 700 Pa, 1 slm, 140 

Watts and 4.5 cm downstream the surfaguide gap are 
reproduced in figure 2 a. Spectral lines and bands from 
radiative states of Cl and BO are identified in this figure 
in addition to few argon lines. This emission spectrum 
is very different to those of an Ar-1.5%BCl3 plasma 
produced in the same experimental conditions. As a 
matter of fact, the emission spectrum of such discharge 
with high dilution of BCI3 in argon is very rich in 
atomic lines (Ar, Cl, B+, Si) and molecular bands (BC1, 
B2.BO)[4]. 
By introducing an Ar-10%O2 (Q = 0.11 slm) gas 
mixture into the Ar-1.5% BCI3 (Q = 1 slm) post- 
discharge at 10 cm from the gap (process 2 in fig. 1), 
three different situations can occur depending the 
distance d between the plasma end and the Ar-02 inlet 
This distance d can be adjusted by varying the 
microwave power. The total pressure is always 700 Pa. 
* Case I : for d > 5-6 cm, no emission is observed 
downstream the Ar-02 inlet. 
* Case II : for d <, 5 cm, a blue light only composed 
of BO* band emission is observed downstream the Ar- 
02 inlet as shown in fig. 2b. Such BO (A2n-> X 22+) 
band emissions are the result of chemiluminescent 
reactions between the B atoms and O2 as reported in 
references [5-8]. 
* Case in : for d - 0 cm (i.e. discharge beyond the 
Ar-Ü2 inlet), a very intense green light is observed 
close to the Ar-02 inlet The previously observed blue 
light is always presentas shown in fig. 2c, downstream 
the green light region. In addition, Cl* and Ar* are also 
detected in this case, and it must be noted that no O* 
emission lines are observed. The green light zone arises 
from BO2 (A 2nu-> X 2IIg) bands [9]. The (000-000) 
band of this BO2 system (not shown in fig. 2c) is 
twelve time higher than that of the (100-000) band. 

Excitation  processes 
Excitation processes leading to the formation of 
BO (A 2n) and BO2 (A 2nu) states will now be 
discussed by analysing the experimental results. 
Implications of B atoms reactions will also be 
considered. 
For BO (A 2JX) production in case II (process 2 in fig. 
1), the situation is rather clear since BO* is the only 
observed excited state. BO* emission results from the 
following reactions: 

B + O2 -» BO (A 2n) + O (a) 
with ka = 5.7 10"14 cm3 s'1 for BO (A 2U, v' = 2) 
production[10]. The BO (A 2n, v' = 2) state has a 
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radiative loss frequency vr = 7.3 105 s'1 [11] and are 
quenched by Ar and O2: 

BO (A 2n) + Ar -> products     (b) 
BO (A 2n) + O2 -► products      (c) 

with Iq, = 1.3 10-12 cm3 s"1 [11] and kc = 2.1 10"11 

cm3 s'1 [11]. The pseudo-statk 
(A 2n, v' = 2) is then given by : 
cm-5 s"1 [11]. The pseudo-stationary density of BO 

??2?   ?   ?   ? ^ ? ^     *  * 

A'n-x'r 
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500- 
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Figure 2 : Emission spectra of various Ar-BCl3-02 
plasmas at 700 Pa : a) Ar-0.4%C>2-1.5% BCI3 at 140 
Watts (process 1 in fig. 1), measured at 4. 5 cm from 
the gap. b) Ar-1.5% BCI3 discharge at 70 Watts with an 
Ar-10%O2 gas mixture introduced in post-discharge at 
10 cm from the gap (process 2 in fig. 1). Measurements 
are performed at 13 cm from the gap. c) Same as (b) but 
at 100 W. Measurements are performed at 10 cm from 
the gap near Ar-02 inlet 

[BO(A2n,vJ = 2)]=610-19[B][O2] (1) 
where the densities are in cm'3. 
The BO (A 2IT) production in case m (process 2 in fig. 
1) is much more difficult to explain. Nevertheless, 
similarities can be found by comparing emission spectra 
of BO (A 2I1-» X 2E) emission in case m and the one 
from an Ar-02- BCI3 plasma (fig. 2a). Moreover, as 
evidenced in fig. 2a, the upper vibrational levels of the 
A 2n state are more highly populated (up to v' = 7) 
than those resulting from chemiluminescent reaction (a) 
(v* £ 3). As a matter of fact, the exoergicity of reaction 
(a) with thermalized B atoms is only sufficient to 
populate the four vibrational levels in the A 2n state 
[12]. Then, electronic excitation of BO (X 2Z) must be 
a key channel to produce BO (A 2FI) in this case. 
BO2 (A 2Ilu) production in case in would be produced 
by the two possible reactions: 

BO ( X 2I) + O -> BO2 (d) 
BO(X2Z) + 02->B02 + 0 (e) 

with ke= 4.4 10'12 cm"3 s"1 [13] and ly being 
unknown. However, the exoergicity calculated for these 
two reactions [14] is to low to produce BO2 in the 
A 2n„ state. Then, these two possible reactions should 
be followed by electronic excitation of the produced 
B02 (X 2Z) to form BO2 (A 2n„). 
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1. Introduction : 

A growing interest in the use of flowing N2 post- 
discharge has recently appeared in the field of surface 
treatments processes. For steel surface nitriding, thick 
nitride layers (10 11m thickness) have been obtained in 
Ar-N2-H2 HF post-discharges [1] where a few H2 (less 
than 1%) was introduced into the Ar-N2 gas mixture in 
order to remove the Fe3C>4 oxide layer which inhibits 
the nitriding reaction. In flowing N2 post-discharges, 
the N atoms and the N2(X,V) vibrationally excited 
molecules are the dominant active species [2]. 
The N atom density can be measured by NO titration 
and the N2(X,V) vibrational distribution can be deduced 
from these of N2(C) and N2+(B) [3]. In the present 
communication, the N atom density and the N2(X,V) 
characteristic temperatures are reported in a flowing 
nitriding post-discharge reactor of industrial scale (100 
liters). 

2 . The experimental setup : 

The flowing post-discharge reactor is reproduced in 
Fig. 1. 

Ar-N2-H2 mass 
flow meters 

surfatron 
cavities' 

j- Jobin Yvon HR640 
1_ spectrometer 

IRY detector 
[ spectralink 

plasmas 
optical fibre 

internal heating 
device (T < 900 K) 
afterglow 

Pumps 

Fig. 1 : Post-discharge reactor 

Two Ar-N2-H2 plasmas are created in a 0.6 cm diameter 
quartz tube with two surfatron cavities at a transmitted 
power of 100-500 Watts, a flow rate of 1 - 3 Sim"1 and 
a gas pressure of 10 - 25 hPa. The post-discharges run 
into a cylindrical reactor of diameter 40 cm and length 
70 cm where the substrates can be introduced. The 
reactor chamber is heated by internal resistances up to 
850 K to obtain the e, y' and a diffusion layers on the 
iron substrates. 
The emission spectra of the discharge and of the 
afterglow are analysed by a Jobin-Yvon HR 640 
spectrometer (grating 1200 grooves/mm) equipped with 
an OMA (IRY) detector which is connected to the 
discharge and post-discharge by means of a quartz optical 
fiber. The optical fiber can be located inside the reactor 
as reproduced in Fig. 1. 

3 . Emission of radiative species and N 
atom titration : 

3. 1 . Plasma radiative species : 
In a previous study [4], it has been concluded that the 
best gas mixture to obtain maximum density of N and 
H atoms was 0,5 Ar - 0,5 (N2-0,5%H2). In these 
conditions, the radiative species in the microwave 
discharge came from Ar and H atoms, from N2, N2+ 

molecules and NH radical. The N2(C-B) and N2+(B-X) 
2nd positive and 1st negative bands were easily detected. 
From the AV = - 2 vibrational sequence of the 2nd 

positive, it has been found a Boltzmann distribution of 
the N2(C, v'=0-3) states with a vibrational temperature 

of TV'C = 6000 ± 500 K in a N2-0,5%H2 discharge at 

500 Pa, Q = 3 Sim"1 and a transmitted power of 500 W. 
By assuming a direct excitation of N2(C) from the 
N2(X) ground state, the 9i ground state characteristic 
temperature can be deduced by using the Franck-Condon 
factors which relate these two states [3]. It is then 
calculated that 6] = 6000 K. 
The N atom density has been determined at the outlet of 
one of the gas pipes inside the reactor (see Fig. 1). The 
obtained results are reported in table 1 for four 
experimental conditions. 
The results reported in table 1 clearly show an increase 
of N atoms density with less than 1% H2 into N2 and a 
maximum value with about fifty-fifty Ar-N2 gas 
mixture. 
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Experimental   conditions N atom density 
(1015  at. cm"3) 

0,8 Ar - 0,2 N2, 
250 W, 2000 Pa, 1 Sim"1 

0.6 

0,4Ar-0,6(N2-0,25%H2) 
250 W, 2000 Pa, 1 Sim"1 

1.1 

N2-0,25%H2, 150 W, 
1500 Pa, 1 Sim'1 

0.6 

N2-1%H2, 
150 W, 1500 Pa, lSlm-1 

0.45 

  
Table 1 : N atom density as determined by NO titration 
with four experimental conditions. Gas temperature : 
400K - Outlet of gas pipes: about 10_3s after the discharge 

3. 2 . Afterglow emission  : 
In previous studies, it has been reported that the N2, 1st 

pos. intensity from the N2(B,V'=11) level in the 
afterglow is well related to the square of N atom density 
[4]. Also this afterglow emission is considered as a 
signature of N atoms in the post-discharge, giving the 
density of these active species after NO titration. If this 
relation was verified at low gas temperature (400 K) in 
the reactor, it was observed a sharp decrease of the N2 
1st pos. intensity as the gas temperature inside the post- 
discharge reactor was increasing up to 850 K. None 1st 

pos. emission was detected beetween 450 and 850 K. 
Inversely, a new light emission appeared after 650 K, 
which was identified as coming from Na and K atoms. 
Such effects have been previously observed [5,6] and 
was used as Na probe of the N2(X)   vibrational 
temperature. The Na line emissions are coming from 
upper levels which are in resonance with vibrational 
levels of N2(X). In Table 2 are reported the three Na 
lines that we have clearly identified. 

Na line (nm) 

589.2 
569.0 
498.4 

Optical 
transition 

3s 1/2 - 3p3/2 
3p3/2 - 4d5/2 
3p3/2 - 5d5/2 

Upper 
energy 

2.11 
4.29 
4.59 

level 
Ml 

Table 2 : Na line transitions and upper levels energies 

A Boltzmann distribution of Na (4d to 8d) upper levels 
has been previously observed [5,6] as resulted from the 
following resonance transfer: 
N2(X, V>16) + Na -» N2 + Na (n>4d) (a) 
The two Na 569 and 498.4 nm line intensities have 
been compared to determine the Tjsja* temperature which 
is equal to the 0x,16-17 vibrational temperature. 

In the following conditions : 0.8 Ar - 0.2 (N2-0.5%H2), 
800 Pa, 3 Sim"1, 200 W, it has been determined at 800 

K the following intensity ratio — — = 6 which is 
I(5d-3p) 

related to TNa* = 6x,16-17 = 2500 K. By using the 
Gordiets distribution [7], the 81 characteristic vibrational 

temperature (between the two first vibrational levels of 

Tx) is deduced : 0j = 2000 K. 

The decrease of the 1st pos. N2(B,11-A.7) when the gas 
temperature was increasing can be analysed by 
considering the following equation : 

i2   kN+N lN2(ll-7) = K [N]< 
"0,11 

(1) 

where ICN+N (cm6 s'1), kqt\ 1 (cm3 s"1) are the rates of 
N atom (density [N]) recombination and quenching 
respectively. 
By assuming a constant value of the quenching cross 
section between 300-800 K, the ICQ quenching rate is 
varying as T1/2. The 1CN+N recombination rate is 
decreasing with T : ICN+N = 4 and 2.5 10"33 cm6 s'1 at 
300and450K[8]. 
In the above discharge conditions, an increase of T from 
300 to 450 K has produced a decrease of the N2(B,11 - 
A,7) total intensity by a factor 3, giving a decrease of N 
atom density by a factor 1.2. 

4 . Conclusion : 

In flowing Ar-N2-H2 microwave discharge, it has been 
determined a characteristic vibrational temperature 
81 = 6000 K in discharge conditions (N2-0,5%H2, 
500 W, 500Pa, 3 Sim"1) and 81 = 2000 K in the post- 
discharge (0,8 Ar - 0,2(N2-0,5%H2), 200 W, 800 Pa, 
3Slm-1,T = 800K). 
The N atom density reached a maximum value at the 
discharge pipe exit of about 1015 cm-3 at 300 K, 
decreasing by a factor 1.2 at 450 K. 
The decrease of N2(X, V) vibrational temperatures and 
of N atom density as T increased up to 850 K could 
come from several processes : 

- N2(X, V) quenching by neutral gas, 
- N2(X, V) and N destruction on the reactor walls, 
- N2(X, V) destruction by impurities (Na, K) 

which are outgazing. 
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Absolute CF and CF2 radical concentration profiles have been determined in a CF4 RIE plasma 
with Al, Si02 and Si substrates on the powered electrode, using laser induced fluorescence and 
absolute calibration techniques. The results show that net production of these species occurs at 
the substrate surface under many conditions, an effect which is particularly marked with Si. Time 
resolved experiments in pulsed plasmas show that the phenomenon is linked to energetic ion 
bombardment. Absolute produced radical fluxes are compared to incident ion fluxes to 
distinguish between different potential mechanisms. Mass analysis of the positive ions shows the 
presence of heavier ions in fluorine poor conditions, suggesting that gas phase polymerisation 
takes place. The implications of these results for the polymer formation mechanism will be 
discussed. 

1. Introduction 
Selective etching of Si02 over Si in fluorocarbon 

plasmas depends on the formation of polymer layers. 
The exact mechanism by which this polymer is 
formed is still poorly understood, but the deposition 
rate is well correlated with high concentrations of 
CFX radicals. Previous work in tliis laboratory, using 
laser induced fluorescence (LIF) to detect CF and 
CF2 radicals with high spatial resolution, has shown 
that, contrary to expectations, the net flux of these 
species is often away from the substrate surface at 
the RF electrode, especially with an Si substrate [1]. 
Thus these species are produced predominantly at 
this surface, rather than by gas phase fragmentation 
of the parent gas. In this study we have now put the 
concentration profiles (and thus the net fluxes) on an 
absolute scale, and compared them with the incident 
ion flux. 

2. Experimental 
The experiments were carried out in a modified 

30cm diameter Nextral RIE reactor with a 
thermostated 10cm diameter powered electrode 
surrounded by a co-planar grounded guard ring and 
separated by 3.3cm from the grounded counter- 
electrode. The plasma was sustained by 13.56MHz 
power, which could be modulated on and off in 5p.s, 
applied though an L-type matching network. Si and 
Si02-coated substrates placed on the aluminium RF 
electrode were kept in good thermal contact by a 
layer of siücone vacuum grease. 

Relative radical concentration profiles were 
determined by the laser induced fluorescence 
technique combined with translation of the reactor 
relative to the optics [2]. The CF2 profiles were put 

on an absolute scale by a UV absorption technique 
using a broad-band Xe lamp source [3], whereas the 
CF LIF signal was compared with that from a known 
concentration of NO gas, using a new method to 
allow for optical saturation effects [4]. The ion flux 
to the counter-electrode was measured using a novel 
Langmuir probe technique that is tolerant of 
insulating deposits [5]. 

3. Results and Discussion 
Typical steady-state concentration profiles in a 

50mTorr CF4 plasma are shown in Figs 1 and 2. The 
CF radical was produced at the RF electrode and lost 
at the counter-electrode for all substrates studied, 
with net sticking coefficient, a, of about 0.2. The 
almost linear nature of the profiles indicates that little 
reaction occurs in the gas phase at this pressure. 

eo      Of" 

E 

o   2 

■Al     substrate 

SiO   substrate 
2 

Si     substrate 

0 12 3 
Distance from RF electrode (cm) 

Fig. 1. CF concentration profiles in a 100W 50 
mTorr CF4 plasma with different substrates on the 
RF electrode. 
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Fig. 2. CF2 concentration profiles in a  100W 50 
mTorr CF4 plasma with different substrates. 

The CF2 results are rather more complex: small 
production occurs at Al and Si02 substrates, with 
loss occurring at the counter-electrode (a = 0.15). 
The profiles are slightly convex, indicating some net 
gas-phase production. With a Si substrate the CF2 

concentration is much higher, and small net 
production occurs even at the counter-electrode. A 
similar phenomenon was observed when C2F6 gas 
was used (even without Si), strongly suggesting that 
it is linked to low [F] conditions. 

The net flux of radicals produced at the substrate 
can be calculated, using Fick's law, from the 
concentration gradient and the diffusion coefficients 
in CF4: 90cm2s"'Torr for CF (estimated from the 
values for NO and CF4. after allowing for the 
difference in reduced mass [6]) and 65cm2s''Torr for 
CF2 [7]. The fluxes are summarised in Table I. 

Table I. Neutral fluxes leaving the substrate, and incident 
ion fluxes (measured at the counter-electrode) in a 
50mTorr CF4 100W plasma. Units of lO'WY1 

Substrate CF CF. Ion flux 
Al 
Si02 

Si 

0.5 
1.0 
2.2 

0.2 
0.8 
1.5 

2.2 
0.9 
0.9 

The ion fluxes to the sidewalls were an order of 
magnitude smaller, indicating a strong radial gradient 
in the plasma density. Further information is obtained 
from concentration profiles taken after plasma 
extinction. The Al substrate becomes a net sink for 
both species as soon as ion bombardment has 
stopped. The Si02 substrate continues to produce 
both for several milliseconds, whereas Si produces 
CF2 and consumes CF. 

In experiments at the higher pressure of 
200mTorr, strong production of both radicals occurs 
at all substrates, but gas-phase reactions become 
important, leading to concave profiles. 

Several mechanisms can be proposed to explain 
the observed radical production. Energetic ion 
bombardment is a necessary component, as the 
phenomenon only occurs at the powered electrode 
(except for the CF2/Si case). Neutralisation, 
reflection and dissociation of the CFX

+ ion flux is one 
possibility. However, the neutral flux exceeds the ion 
flux when Si and Si02 substrates are present, so this 
cannot account for the whole flux unless either i) the 
ion flux to the powered electrode is significantly 
greater than that measured at the counter electrode, 
or ii) there is more than one carbon atom per incident 
ion. Another mechanism is sputtering of fluorocarbon 
polymer film present on the substrate. In this case we 
must account for the flux of carbon-containing 
material to the surface to form this polymer: it is not 
formed from CFX radicals (which have a net flux 
away from the surface) or from ions (whose flux is 
too low). We propose that gas phase radical 
recombination reactions, e.g. 

CF3 + CF2 +M -» C2F5 + M (1) 
CF3(CF2)n+ CF2 +M -> CF3(CF2)n+I + M (2) 

lead to the formation of heavier molecules, and that 
these are the polymer precursors. Under atomic 
fluorine poor conditions (with Si or Si02 substrates 
or with C2F6 gas) the CF2 recombination rate with 
gaseous F and at the walls becomes small, the [CF2] 
rises and these otherwise slow reactions become 
significant. 
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USING Ar-SiH4 LOW PRESSURE PULSED RF DISCHARGES 

L. Boufendi, A. Hadjadj, S. Huet, 
GREMI. UFR Sciences. Universite d'Orleans; BP 6759. F-45067 Orleans cedex 2. France. 

e-mail : boufendi@univ-orleans.fr 

and P. Roca i Cabarrocas 
L.P.I.CM. Ecole Polytechnique, 91128 Palaiseau cedex, France. 

1. INTRODUCTION 

In our previous work on particle nucleation and 
growth, we identified four phases: i) molecular phase 
leading to the formation of 2 nra mean size 
crystallites, ii) crystallites formation and accumulation 
up to a critical concentration, iii) coalescence of the 
crystallites to form more and more big particles, iv) 
particle growth bv molecular sticking on there surface 
[1]. 

Focusing our interest on the first phase of this 
phenomena, we showed that the coalescence of the 
crystallites starts, at room temperature, at about 150 
ms after the ignition of the discharge. We showed also 
that the occurrence of the crystallites can be delayed 
just by varying the gas temperature. For example, at 
100°C, these crystallites appear at about 1 s after the 
ignition. Therefore, if we switch on the discharge for a 
laps of time leading to the formation of the crystallites 
and to avoid the beginning of the coalescence 
phenomena, we can elaborate nanocrystalline or. for 
high temperature, amorphous thin films. 

2. EXPERIMENTAL DETAILS 

We used a 13.56 MHz rf discharge reactor with 
a cylindrical grounded stainless steel box of 130 mm 
in diameter. A grid of 20% transparency at its bottom 
allows a laminar gas flow [2]. The gas mixture was 1.2 
seem of silane and 30 seem of Ar which results on a 
total pressure of 110 mTorr. The growth films was 
deposited by pulsed discharge with various Ton of the 
discharge on 7059 Corning glass. Several techniques 
have been used to investigate the structure of the films 
(Micro-Raman scattering. UV-visible cllipsometry. 
infrared transmission. X ray diffraction and XPS). in 
this paper we shall mostly present the results obtained 
by Micro-Raman scattering and spectroscopic 
ellipsometry characterization. 

3. RESULTS AND DISCUSSION 

3.1.     Micro-Raman characterization 

In order to avoid any laser modification of the 
film structure by the Ar-laser beam source, we fixed 
the laser power on the sample surface at a very low 
level of 0.03 mW. The spot size on the film is about 1 

u.m2. The measurements were performed on films 
prepared at different gas temperatures. At room 
temperature (Fig. 1) the spectrum reveals two 
contributions: a crystalline one (Ic) and an amorphous 
one (Ia). 

600 

3 
« 
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350 400       450       500      550 
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Fig. 1: Micro-Raman spectrum of a film 
deposited at room temperature. The spectrum 
reveals two contributions : a crystalline one (Ic) 
and an amorphous one (Ia). 

The volume fraction (Xc) of the crystallites (d) 
from the relative magnitude of these two contributions: 

L 
(1) v= 

Ia+Ic 

The shift Am of the crystalline peak with 
respect to its position of for a bulk crystalline silicon 
leads to the size (d) of the crvstallites in the film: 

d = 2/r 
B 

Aco 
(2) 

where B = 2.0 cm-1 nm2. The results are summarized 
in Table 1. 

These results are in good agreement with those 
obtained by grazing incidence X ray diffraction. For T 
= 10()°C. the film is completely amorphous. 
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T(°C) Xc (%) d (nm) 
0 50 5.6 

25 46 3.6 
50 20 2.9 
100 0 - 

Table 1: Volume fraction (Xc) and size (d) of 
the crystallites in the film, deduced from Raman 
measurements, as a function of the gas 
temperature. 

3.2.    Laser crystallization 

In order to confirm the role of the crystallites as 
seeds in the crystallization of the film, we studied the 
crystallization of the produced thin films with different 
Ton (different crystallites size), under laser irradiation. 
We used an XeCl excimer laser (/. = 308 nm, pulse 
duration 40 ns). The laser beam was focused on a 2 
cm^ area of the sample surface. In these conditions the 
maximum laser fluence obtained is 190 mJ/cm2. The 
laser fluence was progressively increased from mJ/cm2 

and the crystallization was controlled by UV-visible 
ellipsometry. 

7 
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cd 
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Fig. 2: E2 spectra of a film deposited with Ton = 

100 ms before and after laser crystallization. 
Note the broad shoulder at about 4.2 eV which 
occurs after crystallization. 

First, when the laser fluence increases the S2 of 
the film increases gradually, indicating a densification 
of the material. When the threshold of crystallization 
(Ecryst) is reached, a drastic change in B2 spectrum 
occurs with a broad shoulder at about 4.2 eV [3]. This 
behavior is a characteristics of microcrystalline 
material where a crystalline phase is embedded, in an 
amorphous matrix. Preliminary quantitative 
exploitation of these results indicates that the laser 
crystallization concerns 200 to 300 nm of the film 
thickness. More quantitative information, such as the 
optical gap and the morphology of the material, can be 
extracted from ellipsometric measurements and will be 

4.2 eV 

- 
/   after laser 

X 

- 
/   crystallization 

before laser ^^""--~. 
irradiation 

i               i               i i 

discussed in another paper. For example the volume 
fraction of the crystalline phase can be deduced from 
the ellipsometric measurements according to the 
effective medium theory which allows the dielectric 
response of a heterogeneous material to be described 
from the dielectric functions of its constituents [4]. 

In Fig. 2 are represented the S2 spectra of a film 
corresponding to Ton = 100 ms before and after laser 
crystallization. 

The results summarized in Table 2 allow the 
following remarks: i) The values of the threshold 
energy of crystallization which are low than the one of 
the standart hydrogenated amorphous silicon (a-Si:H) 
which is near 145 mJ/cm2 [4]. ii). The threshold 
energy of crystallization decreases when Ton increases. 

Ton (ms) Ecryst (mJ/cm2) 
100 103 
200 103 
400 78 
1000 51 
CW 125 

Table 2: Threshold energy of crystallization 
(Ecryst) as a function of the Ton of the plasma 
deposition of the film. CW corresponds to a film 
deposited under continuous plasma. As a 
comparison, the threshold energy for a standard a- 
Si:H is 145 mJ/cm2. 

4.        CONCLUSION 

In this contribution we reported some results on 
a method based on low pressure RF discharge for the 
elaboration of new materials showing optoelectronic 
properties different from those of a-Si:H. They consist 
in an amorphous matrix encrusted with 
nanocrystallites which can play the role of seeds for 
the crystallization of such thin films. 

Films obtained with H2 and silane mixture are 
under investigation. Preleminary results show that 
these films show completely different optical, 
electrical and mechanical properties. They present a 
higher 82 and higher dark conductivity and 
photoconductivity and seems to be promising as 
photovoltaic materials. 
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Super-pure plasma 
chemistry in non-equilibrium 

plasma processes 

G. M. Chumak 
Russian Scientific Center "Applied Chemistry" 

St.Petersburg, Russia, 197198 

An increasing interest both theoretical and 
experimental is currently devoted to the study of 
reactive plasmas in mixture continuing N2 molecules, 
and in particular to the study of N2-H2, N2-02, N2-F2 
discharges. Special attention is given to the coupling 
between the electron and vibrational kinetics of N2(X,v) 
and F2(X,v') molecules due to the important role played 
by the e-V superelastic collision, as well as to the 
coupling between both vibrational kinetics. 

In nitrogen discharge, the electron energy distribution 
function (EEDF) is strongly coupled to the vibrational 
distribution of the ground state. The evolution of this 
vibrational distribution shows of the EEDF evolution 
also slow. This evolution occurs during the starting of 
the discharge and during the post-discharge. The 
electronic rate coefficients for population of excited 
state are also dependent on the EEDF[1]. 

The results show a large deactivation on vibrational 
levels belonging to the plateau of nitrogen vibrational 
distribution with strong consequences on the 
dissociation and ionization rate of nitrogen plasmas. 

The problem of absolute negative conductivity 
(ANC) of low temperature plasmas have being recently 
published[2]. The sign of the total conductivity depends 
on the concentration of negative and positive ions and 
their mobility. Estimates show, that the time interval 
exists in which the total conductivity will be negative 
from E/N = 0 to some critical E/N. 

The experimental setup used for the present study is in 
two devices. The first investigation were carried out 
with a UV-preonized self-sustained discharge camera 
with length of active medium was 63 cm, the distence 
between electrodes was 2.2 cm, ratio of buffer volume 
and active volume was 10-*. The materials of this 
camera were selected in consideration of their stability 
in galogen medium for minimization of fluorine 
concentration decrease, and also in consideration of 
their chemical purity for impurities concentration 
reduction in camera, which were formed as a result of 
chemidesorption and UV stimulation desorbtion from 
the surface. In turned out possible for a number of 
materials to improve the surface properties by 
employment   of   fluoro-polimer   coating.   Discharge 

voltage was of 23 kV, current of 13 kA, pulse 
recurrence frequency of 10-20 Hz, pulse duration of 
200 ns [3]. The main part of measurements was carried 
out for gas mixture of He/ N2/ F2 (1400/ 100/ 20 torr). 

The second investigation were carried out with 
electrodeless induction glow plasma canal in toroidal 
insulation sections st. steel camera diameter of 7 cm, 
and length of 200 cm transformator plasmotrone[4], 
turn voltage of 200 V, total current in plasma of 200 A, 
gas temperature of 500 K, electrons temperature of 20 
000 K, electrons concentration 1014 cm"3, E/N=2 10" 
*7 Vcm^, temperature characteristics of cooling water 
in reactor (plasmotron chamber) jacket: at the inlet 
10°C, at file outlet 35°C. 

Experiment have been performed in the pressure range 
between 5 and 20 mbar with admixture of F2 going 
partial pressure of 1 and 5 mbar for F2. 

Experimental confirm that F2 full converted only into 
NF3. The reaction products were detected by 
gaschromatography as well as by absorption 
spectroscopy. Experimental results is an chemical 
quasi-equilibrium in reactive non isothermical plasma. 
Chemical quasi-equilibria describe stationary states of 
a reactive plasmas which can be reacted from both sides 
of a reversible gross reaction and which are 
independent (sometimes only in restricted region) on 
the operation parameters of the reactor (e.g. the power 
input). The formation of such quasi-equilibria is 
experimental secured[5]. 

This device may be work out the process NF3 producing 
from the N2-F2 under the atmosphere pressure of gas 
plasma chamber. It was developed th«; project of 
commercial plant with the follows characteristics: NF3 

capacity 1 000 ton per year with energy consumption 
per 1 ton of NF3 4000 kWt hour. 

Numerical modeling of the chemical reaction system 
has been done, using the LASKIN computer code[6]. 

Plasmochemical method annihilation and processing of 
different toxic substances, e.g. industrial waste of 
fluoroorganic products manufacture used engine and 
transformer oil, containing large spectrum of various 
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impurities, has been developed. Further processing 
consist in separation of non-toxic substances from toxic 
gases formed and in neutralization of last ones. 
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Physico-chemical and electrical properties of PECVD a-SiNxHy films 

G.Dupont and B.Despax 
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I-Introduction 
Plasma-enhanced chemical vapour deposition 

techniques (PECVD) are particularly attractive in 
microelectronics, as they permit material deposition at a 
relatively low temperature. They also provide the 
possibility of achieving an in-situ plasma cleaning of 
the semiconductor surface, before the insulator layer 
deposition. 

Silicon nitride films prepared by PECVD have 
come to be widely used in III-V semiconductor device 
technology. They can be applied as an interlayer 
insulation, as the final passivation film in integrated 
circuits, and as a charge-storage layer of metal-nitride- 
oxide-semiconductor (MNOS) memory devices. 
Nowadays, silicon nitride is used as a gate dielectric for 
amorphous silicon (a-Si:H) thin film transistors (TFTs) 
[1], because it can offer low defect density when 
deposited under certain operating conditions. 

II-Experiments 
SiNxHy films were deposited by PECVD, at 

300°C, using a gas mixture of ammoniac and silane, for 
different values of gas ratio R (ammoniac/silane) under 
variable radiofrequency (rf) power. Thereby the film 
composition could vary widely. 

When rf power and gas ratio R values are quite 
low, silicon nitride films are silicon-rich. On the 
contrary, when synthesized under higher values of R and 
power, films are rather nitrogen-rich, in particular with 
no detectable Si-H bonds. These experimental results 
have incidentally been confirmed by modelling works of 
rf plasma SiNxHy deposition [2], They have indeed 
shown that, under low silane percentage and high power. 
silane dissociation products react with NH2. NH and H 
radicals, leading to the formation of aminosilane active 
species, and finally to a nitrogen-rich film. On the other 
hand, under higher silane percentage and lower power, 
silane dissociation products become dominant, leading 
to the formation of disilane (Si2H6). and finally to a 
silicon-rich film. 

The effects of plasma deposition conditions on 
physico-chemical and electrical properties of SiNxHy 
films have been reported. 

Ill-Results and  discussion 
1II-1-UVIVIS spectroscopy 

The Taue optical bandgap. Eg, was graphically 
obtained for films deposited with R varying from 16.7 
to 50 and at two different power densities. The 
variations of Eg with R and power density are illustrated 
in figure 1. 

It appears that the optical bandgap increases 
with R and power density, until reachir.g"a value close 
to the one obtained in case of stoichiometric CVD 
silicon nitride films. According to Robertson [3], the 
bandgap of silicon-rich films is controlled by Si-Si and 

Si-H bonds, whereas that of nitrogen-rich films is 
controlled by Si-N and N-H bonds. 
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Figure 1 : Taue optical bandgap vs gas ratio R 

The bandgap broadening, with the increase of N amount, 
should thus result from the progressive replacement of 
Si-Si bonding and antibonding states by N atoms pn 
states and Si-N and N-H antibonding states respectively 
(the latter being further away from the midgap than the 
former). 

Furthermore, these results agree with X-ray 
photoelectron spectroscopy (XPS) analyses, which have 
confirmed the existence of Si 3p-Si 3p states in silicon- 
rich films. These states do not appear in nitrogen-rich 
films, and are replaced by new states identified as N 2pz 
states. 
III-2-Infrared spectroscopy 

Infrared spectroscopy analyses have provided 
some accurate informations about different bonds present 
in SiNxHy films and about their surroundings. 

In order to remove the ambiguity previously 
reported in literature [4] about the absorption peak at 
840 cm-1, direct transmission and reflection 
measurements have been carried out on SiNxHy films 
deposited onto intrinsic silicon substrate. Corresponding 
infrared spectra are reported in figure 2. 
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Figure 2 : a-SiNxHv spectra obtained bv 
direct transmission and bv reflection 

On the spectrum of the film analysed by 
reflection, a wide abnormal reflection peak appears at 
840 cm"1, instead of the absorption peak expected and 
present in the other spectrum. This peak might be due 
to a strong reflectivity of the incident light at the 
interface  air/silicon  nitride   (Reststrahlen  Effect). 
Therefore, in case of direct transmission analysis, the 
peak generally observed could be mainly constituted by 
an abnormal reflection peak. In order to avoid a false 
interpretation of the peak amplitude, it is then suggested 
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to analyse films under specular reflection (with films 
deposited onto metallized substrate). 

In order to understand precisely how the infrared 
incident beam interacts with material, the beam has been 
polarized on one hand , and inclined on the other. When 
it is polarized in a parallel way, the electrical field 
perpendicular component. E j. , is suppressed, and 
inversely when the beam is polarized in a perpendicular 
way, it is the electrical field parallel component, E//. 
which is suppressed. This latter has two sub- 
components : E//L> which is its projection in the 
direction perpendicular to the sample plane, and E//j, 
which is its projection in the sample plane. It becomes 
apparent then, that when the light is perpendicular- 
polarized, longitudinal optical phonons of the material 
cannot be excited, whereas when the light is parallel- 
polarized, both longitudinal and transversal optical 
phonons can be excited, though the last ones are less 
excited than in the previous case (because of the absence 
of E i ). Spectra obtained in case of polarized light are 
shown in figure 3. 

increases, silicon nitride films seem to own a smaller 
amount of fixed charges, though electronic and ionic 

u 
O 

XI < parallel 
zero 

perpendicular 

1202 1071      853       polarization 
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Figure 3 : Effect of polarization on a-SiNxHv spectra 

The peak amplitude at 840 cnr1 decreases in 
case of parallel polarization and on the contrary, 
increases in case of perpendicular polarization. Inversely, 
the peak amplitude at 1070 cm"1 shows opposite trends. 
As these two peaks are both assigned to Si-N bond 
stretching modes [5], it seems then that the first and the 
second peaks are due to a transversal and a longitudinal 
optical mode respectively. Additional experiences carried 
out under variable infrared beam angle of incidence, lead 
to identical conclusions. 

The effects of operating conditions on Si-H and 
N-H bonds, whose stretching modes appear respectively 
at about 2100 and 3330 cm"1, have next been studied. It 
is observed that Si-H bond concentration decreases when 
films become richer in nitrogen, and at the same time. 
N-H bond concentration increases. These last results 
confirm the previously reported interpretation of the 
optical bandgap broadening. 
III-3-Electrical measurements 

Among different electrical characterization 
techniques, the fixed defect amount has been evaluated 
by means of capacitance/voltage measurements, for 
different operating parameters. The next figure (figure 4) 
represents the evolution of the amount of fixed charges 
with R. 

It always corresponds to the presence of 
positive fixed charges and is found to decrease strongly 
with increasing R. 

The influence of power on fixed charge amount, 
appears to be quite strange. Indeed, .when power 

•40 80 120 
R (ammoniac/silane) 

Figure 4 : Trapped charge quantity vs gas ratin R 

bombardment increases and therefore should promote an 
increase in charge trapping. In fact, the power increase is 
directly related to the modifications in film 
composition, as when R increases. As already seen, 
according to modelling and spectroscopy results, the 
power increase corresponds to the formation of nitrogen- 
rich deposit precursors with respect to silyl radicals 
leading to a nitrogen-rich silicon nitride. Therefore, it 
can be concluded that electronic and ionic bombardment 
due to rf discharge does not play an important role for 
the experimental conditions considered, and that the 
trapping rate seems to be indirectly controlled mainly by 
physical and chemical mechanisms in gaseous phase, 
i.e. directly controlled by the chemical nature of bonding 
in the material. 

IV-ConcIusions 
Plasma-deposited silicon nitride films have 

been analysed under different techniques. The results 
obtained are in good agreement with each other and with 
previous studies, and help to understand the mechanisms 
that determine material quality, in order to improve 
them. 

UV/visible spectroscopy has shown an optical 
bandgap broadening when silicon nitride films become 
richer in nitrogen. This broadening is attributed to 
progressive replacement of Si-Si and Si-H bond states 
by Si-N, N-H and N atoms pre states. 

Infrared spectroscopy has in particular revealed 
an anisotropic effect probably due to short-range atomic 
arrangement in silicon nitride films. Thus, the 
absorption peaks at about 840 cm"1 and 1070 cm"1 are 
identified respectively as due to a transversal and a 
longitudinal optical Si-N stretching mode. 

The amount of fixed charges determined by 
electrical characterization of silicon nitride films, 
decreases with increasing amount of N. The origin of 
charge trapping seems then rather due to the chemical 
nature of bonding than to the electrical character of the 
discharge. 
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Optical diagnostics of r.f argon and xenon magnetron discharges. 

M.F. Dony, F. Debal, M.Wautelet, J.P.Dauchot, M. Hecq. 
Laboratoire de Chimie Inorganique et Analytique Universite de Mons-Hainaut, 23 Avenue Maistriau, B-7000 Mons, 

Belgium. 
J. Bretagne, A. Ricard*. 

Laboratoire de Physique des Gaz et Plasmas, Bt. 212, Universite Paris-Sud-CNRS, F-91405 Orsay, France. 
* CPAT-Universite. Paul Sabatier, 118 route de Narbonne, F-31062 Toulouse, France. 

1. Introduction. 

Magnetron sputtering of various materials in Argon gas 
is widely used in thin film deposition technology [1]. 
Magnetron sputtering in Xenon gas is also of great 
interest to study the sputtering of BN ceramics in Xe ion 
sources for stationary plasma thrusters [2], Previous 
studies in argon magnetron discharges with aluminium 
target have be devoted to the spectroscopic analysis of 
Ar, Ar+, Al radiative states and to Ar (3P2,i,o»'Pi) 
metastable and resonant states [3,4]. In the present work, 
the Xe, Al, B radiative states and Xe (3P2) metastable 
atoms are analysed for Al and BN targets by changing 
gas pressure and power of the RF magnetron discharge. 

2. Experimental setup. 
The experimental setup is reproduced in Fig.l. The 
magnetron cathode can be in Al (thickness 5mm) or in 
BN (thickness 3mm) of dia. 33mm. The cathode is 
surrounded by a guard ring at the ground potential. On 
the cathode surface, the magnetic induction (B = 400 
gauss) confines the electrons which are producing a 
plasma at about 1 cm above the cathode surface. The 
13.56 Mhz r.f power can vary  from 1 to 50 watts, for a 
gas pressure between 3 and 150 mTorr. As shown in 
Fig. 1, the plasma is analysed by emission and absorption 
spectroscopy via a quartz optical fiber with a spatial 
resolution estimated to be 2 mm. The spectrometer is a 
Chromex 2501 S with a CCD camera. 

3. Intensities of radiative species (Xenon 
and sputtered atoms). 

Intensity (Ix) of xenon and sputtered atom lines have 
been recorded at 1 mm above the cathode, at the 
maximum of the negative glow. Variations of Log Ix 

versus Log W (RF power) are reproduced in Fig.2 for 
the Al 396.1 nm and Xe 840.9 run lines. It is deduced 
Ir=Wp variations with ß=0.5(±0.03) for Xe and 
ß=l .9(±0.5) for Al. In an argon plasma, it was also 
found ß=0.5 for the argon lines[3]. By assuming as for 
Ar a direct electron excitation of Xe radiative states, it 
is deduced that Ix(Xe)«rie with rvsW0-5. 
The Al line intensity ratios in the two Ar and Xe 
discharge are reported in table 1 for the same plasma 
parameters : 25 and lOOmTorr and a RF power between 

5 and 50 watts. It is deduced that the Al line intensity is 
about 10 to 20 % lower in Xe than in Ar discharges. 
With the BN ceramic cathode, the B, X=249.7 nm 
intensity was largely weaker in Xe than in Ar 
discharges. At 25 mTorr, 50 watts, the intensity ratio 
IB(Xe)/IB(Ar)=0.27. It is then concluded that the Xe+ 

ions have a sputtering rate lower than the Ar+ ions, by a 
factor 0.8-0.9 for Al and as low than 0.3 for BN. 

4. Density of XeC*!^) metastable atoms. 

The density of Xe(3P2) has been determined by the 
resonant absorption method of Mitchell-Zemansky.as it 
is detailed in ref 3,4. Briefly, the AL-absorption 
coefficient: AL=l-It/Io (It >h> transmitted and incident 
intensity coming from a Philips lamp) is related to the 
kooL optical thickness: 

/ /fc<r0Z = 8.251(T13Z 
5(7 p "xefPJ 

1/2 

(f-oscillator strength of the chosen absorbing line of 
Doppler broadening 5CM/2

P
 in the plasma, L-absorption 

length and nXe<3P2) density of metastable atoms) through 
s 

the factor: a = 
5a 1/2 

5<xm" 
(5c\nS source line 

broadening). The factor a has be calculated by 
estimating that in the Philips lamp (R=lcm), the spectral 
lines are self-absorbed by their own metastable atoms of 
density between 1011 and 1012 cm'3 with a Doppler 
broadening of X=-300K. It has been chosen the Xe 823.2 
nm, Xe line has been chosen whose f=0.227 [5,6] and 
with a823.2=l .2-2.1. The L absorption length has been 
estimated by measuring AL versus the Z-axial distance 
above the magnetron cathode [3]. It is obtained L=10 
cm at 25 mTorr, 50W and L=8cm at lOOmTorr, 50W. 
The Xe (3P2) metastable densities determined with Al 
and BN targets are reported in Table2. It was found 
constant values of Xe(3P2) metastable densities between 
5 and 50 watts, indicating that the Xe(3P2) atoms have 
reached satured values as for the Ar(3P2) atoms [3] as a 
result of production and destruction by electron 
collisions. It is also concluded from table 2 that the 
Xe(3P2) metastable densities are not really affected by 
the Al or BN cathode material. In similar conditions 
with Ar discharges, it was found for the Ar(3P2) 
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metastable atoms [3] : Ar(3P2)=(3-6)10l0cm"3 at 25 
mTorr and Ar (3P2)=(2-3)1010cm"3 at lOOmTorr which 
are in the same order of magnitude than for Xe(3P2). 

5. Conclusions. 

Cathode magnetron discharges in Ar and Xe are 
working with similar electron kinetics. In the same 
conditions of pressure, power and with two cathode 
targets: Al and BN, it has been found about the same Ar 
and Xe metastable atom densities : (1-3) 1010 cm"3and 
the same electron density variations with the discharge 
power: n,.« W05. As it concerns the sputtering yields of 
Al and BN targets, lower rates have been determined in 
Xe as compared with Ar, by a factor of 1.1 to 1.2 with 
Al, draping to about 3 with BN. It can be concluded that 
Xe is a sputtering gas weaker than Ar on BN targets. 

Table 1 : 
Variations of the intensity ratio r = I Ai(Xe/1 AI(AO of Al I 
396.1 nm versus the RF power in Xe and Ar discharges. 

W RF (Watts) 5 10 20 50 
r  25 mTorr 0.6 0.8 0.86 0.91 
r   100 mTorr 0.93 0.74 0.81 

Table 2 : 
Xe (3P2) densities for two gas pressures and the Al and 
BN cathodes 
d=1.5cm 
Xe(3P,)   /p (mTorr) 25 100 
Al cathode  AL 0.54 0.5 

nOO'W) 1.2-2.6 1.3-2.6 
BN cathode AL 0.506 0.41 

n(1010cm"3) 1.1-2.2 1-1.8 
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Fig.I: Experimental set-up of magnetron discharge with 
optical arrangement for emission and resonant 
absorption spectroscopy: 1. gas inlet; 2. turbomolecular 
pump; 3. cathode magnetron; 4. hollow cathode lamp; 
5. optical fiber; 6. HR 1000; 7. photomultipliers; 8. PC 
control; 9. vernier; lO.cooling tubing; 11. female coaxial 
connector; 12. male coaxial connector (RF input: type " 
N"); 13. RG-393 coaxial cable; 14. copper conductor; 
15. matching network; 16. 13.56 Mhz RF generator. 

Fig.2. Variations of Ln I versus Ln W of Xe I 840.9 nm 
and Al I 396.1 nm lines at 25 and lOOmTorr. 
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Introduction and experiment 

Many silicon-bearing ions, their structure, thermochemistry, 
and their reactions with neutral molecules have been the 
subject of a number of theoretical as well as experimental 
studies (see, e.g., [1], [2] and references therein). 
Investigations of ion-molecule reactions of different ions 
with silane and silicon ions with neutrals are mostly 
motivated due to their importance in plasmas for 
technological applications. The reactions of hydrocarbon 
ions with SiH4 could be also of interest to the theoretical 
chemist because of fundamental aspects of the chemical 
bonding of carbon to silicon In recent years our research has 
been directed towards understanding of ion-molecule 
reactions of this type (see, e.g., Refs. [3], [4]). The 
measurements have been carried out using the Innsbruck 
selected ion flow drift tube (SIFDT) apparatus of 
conventional design. Helium was used as a buffer gas. Ions 
were generated in an electron impact ion source from CH4 
and mass selected prior to injection into the drift tube. 
Mobility used for calculations of the drift velocity of ions 
CH3

+ was taken from Peska et al[5\. Mobilities of C2H3
+ and 

CjHj+ were measured in the present experiment. Operational 
pressure of the buffer gas was 0.16-0.26 Torr. Measured 
reaction rate coefficients and product distributions were 
independent on pressure. 

Results 

CH,++SH4 

K 
-°-  ■ 

i&e ; - 

'H 

1M0 I—*.., Jl 1 1 1 ■ 1 1—1   1   >  . 1 

Q1 

K^eVI 

Figure 1. The reaction rate coefficients of the reactions of 
CH3

+ and C2H5
+ ions with SiH4. 

The reaction of CjH3
+ with SiH, 

The reaction has three product ions as indicated in the 
reaction scheme (2). Indicated are energetically possible 
neutral products, there is not enough energy in the reaction 
for further dissociation of neutral molecules. 
Reaction channel (2b) is thermoneutral and is the only one 

The reaction of CH3
+ with SiH4 

In the covered energy range the reaction of CH3
+ with SiH4 

is proceeding with rate coefficient close to collisional rate 
coefficient (approximated by Langevin rate coefficient, kL). 
In Fig. 1 the measured reaction rate coefficient is plotted 
versus average kinetic energy in center-of-mass frame, 
KECM SiH3

+ is the dominant ionic product. Neutral products 
cannot be detected, nevertheless only energetically possible 
product is CH4 (AH=-52.8kcal/mol, energetics of the 
reactions is calculated on the base of the i Refs. [6] and [7]). 
Reaction schema is: 

CH3
+ + SiH. SIH; + CH„ (1) 

Formation of SiH5
+ by proton transfer and consequent 

dissociation to SiH3
+ and H2 is endoergic and can be 

excluded. Traces of SiCH3
+ and SiCH5

+ product ions, (<. 1%) 
were also observed in agreement with previous tandem mass 
spectrometer study (see compilation by Anicich et al [8]). 

C2H3+ + SiH4 SiH3
+ + 

SiH/ + 

SiCjH/ + Hj 

(2a) 

(2b) 

(2c) 

in the present study, where production of SiH3
+ was 

observed (<;10% at low KECJ. The partial reaction rate 
coefficients are plotted in Fig. 2. Note that with increasing 
AjE^production of SiH3

+ is increasing on expense of other 
two channels. The overall reaction rate coefficient (k) is 
nearly constant (note that k~kL/2). Production of SiH3

+ 

cannot be explained by formation of SiH3
+ or SiC2H5

+ and 
their consequent dissociation, because in such case C^ 
and H2 are formed and reaction is endoergic 
(AH=17.5kcalAnol). In study of Mayer and Lampe [9] only 
production of SiH3

+ and SiH5
+ was reported with reaction 

rate coefficient 2.8-10"10cm3s'1, this is corresponding to the 
sum of the partial reaction rate coefficients of channels (2a) 
and (2b) at near thermal energies. 
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Figure 2. The partial reaction rate coefficient of the reaction 
ofCjIV km with SiH4. 

The reaction of QK,* with SiK, 

The reaction coefficient of the reaction of C2H5
+ ion with 

SiH4 versus KECM is plotted in Fig. 1. Only SiH3
+ was 

observed as a product ion. The reaction is exoergic (AH= 
-lOkcal/tnol) if the neutral product is CjH^. If two neutral 
molecules (H, and CjIL,) are produced the reaction is 
endoergic (AH=22kcalAnol). This endothermicity rules out 
the formation of SiH3

+ and its consequent dissociation. The 
reaction scheme is: 

CjH/ + SiH4 

Concluding Remarks 

SiH3
+ + C^       (3) 
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The siliconium ion SiH3
+, an analog of the carbonium ion 

CH54, is of considerable interest in understanding the nature 
of nonclasical bonding [10]. The dissociation energy of 
SiH3

+ is approximately 14 kcal/mol (see calculation in ref. 
[11]). The aim of the presented study was the study of the 
production of SiH5

+ ions by the proton transfer mom 
hydrocarbon molecular ions in the drift tube. In order to 
avoid dissociation of eventually formed SiH5

+, only the 
reaction of ions parent molecules of which have the proton 
affinity close to the proton affinity of SiH4 (155 kcal/mol 
[12]) were studied. SiH5

+ ions were produced only in the 
reactions of ions C2H3

+ at low KECM, channel (2b). 
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1. Introduction 
Discharges in gas mixtures containing Cl2, BC13, Ar, 
and N2, are used by the integrated circuit industry for 
metal etching and definition. The large number of 
potential gas and surface phase reactions in these gas 
mixtures greatly reduces our capability to understand 
and model these plasmas from first principles. For 
example, a large number of the potential processes 
have unknown, or at best, incomplete sets of 
fundamental information such as cross sections, and 
gas and surface chemical reaction mechanisms. In 
such complicated chemical systems, measurements 
of plasma species can be critical to identifying the 
important chemical mechanisms, understanding the 
influence of additives to the gas mixture, and 
benchmarking model predictions. Many modern 
microelectronics plasma processing tools utilize high 
electron density sources such as inductively coupled 
discharges, electron cyclotron resonance (ECR) or 
helicon sources. This work will focus on a subset of 
the high density sources, the inductively coupled 
plasma (ICP). An essential parameter that must be 
measured in these plasmas is the density and spatial 
distribution of ions, both positive and negative, 
formed in the plasma. 

In the work presented here, relative metastable 
chlorine ion (Cl+*) and absolute Cl" densities as a 
function of discharge parameters such as gas 
mixture, input power, and total gas pressure are 
presented. Laser induced fluorescence (LIF) was 
used to measure the spatially resolved Cl+* 
temperature, radial drift velocity and relative density. 
The output from a cw ring dye laser was scanned 
across the 3p3(4S°)4p5P3 - 3p33d5D°4 transition at 
542.32 nm and the fluorescence was monitored on 
the 3p3(4S°)4p5P3 - 3p34s5S°2 transition at 479.45 
nm. The resulting lineshape was then fit to a sum of 
two Gaussian lineshapes to account for the relative 
abundance of the two Cl isotopes. Laser 
photodetachment spectroscopy was used to measure 
the Cl* densities in the center of the plasma. A 
pulsed NdrYAG laser operating at 266 and 355 nm 
was combined with a novel microwave 
interferometer to measure the excess electrons 

produced by photodetaching Cl". By varying the 
photodetaching laser wavelength, the identity of the 
negative ion could be inferred. 

2. Cl+* kinetics 
The Cl+* measurements indicate that the ion 
temperature in the center of the plasma varied from 
2000 to 3000 K depending on discharge conditions. 
For example, Fig. 1 shows the temperature variation 
for BCI3/CI2 and BCycyAr mixtures as a function 
of input power. This temperature is significantly 
hotter than temperatures of argon neutrals and argon 
ions measured in the same reactor[l]. In previous 
work, we suggested that the hot Cl+* could be due to 
hot neutral chlorine atoms; Cl produced by 
dissociation of Cl2 or BC13 could carry a small 
amount of energy into subsequent ionization and 
excitation[2]. The addition of BC13 to a Cl2 plasma 
significantly decreased the chlorine ion density (Fig. 
2) without causing a significant change in their 
temperature. A likely explanation for the decrease in 
Cl+* density with increased BC13 fraction is the 
higher dissociation energy for BC13 compared with 
Cl2. Addition of N2 to a BC13 plasma caused a factor 
of three increase in the Cl+* density (Fig. 3) 
suggesting that transfer of energy from long-lived 
nitrogen excited states can enhance the 
decomposition of BC13 [3]. Additional radial 
profiles of the Cl+* temperature, relative density and 
radial drift velocity will be shown. 

3. Cl" kinetics 
In discharges containing Cl2 and BC13, Cl" was the 
only negative ion detected. If present in the 
discharge, other negative ions have an estimated 
density below a few 108 cm"3. Dissociative 
attachment to Cl2 was the predominant Cl" formation 
mechanism in Cl2 discharges, and direct dissociative 
attachment to BC13 was found to be a potential 
source of Cl" in BC13 plasmas. Interactions between 
Cl2 and Ar (Fig. 4), and Cl2 and BC13 altered the Cl" 
formation kinetics, possibly due to enhanced 
dissociation of the parent molecules by argon 
metastables. Addition of N2 to Cl2 plasmas had very 
little effect on Cl" density, but addition of N2 to BC13 
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discharges caused an increase in Cl production (Fig. 
5). This increase is similar to the increase in Cl+* 
density with increased N2 flow described above. It is 
concluded, that transfer of energy from N2 

metastables is responsible for the changes in the 
negative ion densities observed as well. 
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Fig. 1 Cl+* temperature as a function of total input 
power for BCI3/CI2 (•) and BCVCfe/Ar (■) 
mixtures at 10 mTorr. 
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Fig. 3 Cl+* density in a BC13 discharge as a function 
of added nitrogen flow rate at 300 W and 20 mTorr. 
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Fig. 4 Cl* density as a function of Cl2/Ar ratio at 300 
W and 20 mTorr. 
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Fig. 5 Cl' density in a BC13 discharge as a function 
of added nitrogen flow rate at 400 W and 10 mTorr. 
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Fig. 2 Cl+* density as a function of C12/BC13 ratio at 
10 mTorr and 400 W. 
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1. Introduction 
Radio frequency (RF) discharges are extensively stu- 
died as they play an important role in plasma pro- 
cessing, such as surface treatment and thin film 
deposition. Amorphous hydrogenated silicon (a-Si:H) 
films are of special interest for the production of pho- 
toelectric cells and many efforts have been carried out 
to understand their deposition mechanism. 
Recently we reported on numerical modelling of 
PECVD reactor plasmas and its experimental confir- 
mation. A ID thermal model has been developed and 
the calculated gas temperatures have been verified by 
CARS measurements [1]. The creation of radicals in 
the plasma has been treated by a ID fluid model. We 
confirmed this model by spatio-temporal emission spec- 
troscopy applied to the H„ transition [2]. In the present 
work we couple improved versions of these two models 
with a 2D model of plasma chemistry to predict abso- 
lute radical density profiles and deposition rates of a- 
Si:H films in different H2/SiFL| plasmas. The calculated 
SiH density profiles are compared with those measured 
by LIF, and the calculated film growth rate is checked 
by profilometry measurements. 

2. Plasma chemistry model 
The model {3] treats the chemistry and physics of the 
neutral radicals in the plasma. It is coupled with two 
other models developed previously: First, a ID thermal 
model [1] calculates the axial temperature profile. The 
temperature is supposed to be uniform in radial direc- 
tion. Then a 2D extension of the electrical fluid model 
is used to determine the source terms of radicals origi- 
nating from electron impact on neutral molecules (we 
consider H2, SiH), Si2H6 and SiÄ). The molecule 
densities have been measured by mass spectrometry and 
are used as input parameters. The radicals treated by 
the model are H, SiH„ (n=0..3) and SiÄ (m=2..5).The 
equation of transport for each radical species is 

V.f =L£(rrr)+4lW(z,r)  , 
r cr a 

where f is the particle flux and S the source term. We 
suppose that transport is governed only by diffusion, 
the diffusion coefficients D being calculated according 
to the theory of Chapman-Enskog [4]. S contains the 
source function for the creation of radicals due to disso- 
ciation of molecules by electron impact as well as crea- 
tion and loss terms due to chemical reactions in the 
plasma volume. For each radical species the electrodes 
impose the boundary condition 

2L^+„?*LP -D— = ±n 
4 1-/7/2 

which involves the radical loss probability ß, the radi- 
cal density n near the electrodes and the thermal velo- 
city of the radicals va,. A very similar condition holds 
for the particle losses at the plasma confining grid (see 
experimental setup). Due to the cylindrical symmetry of 
the plasma the 2D model calculates the radical densi- 
ties at each point in the plasma volume. Furthermore, 
we can easily deduce thin film growth rates on the 
whole surface of the Si wafer. The contribution of each 
species to the film growth is proportional to its flux on 
the surface 

4 ,\-ßl2) ß 
where s is the sticking coefficient. 

3. Experimental setup 
The experiment is performed in a PECVD reactor 
equipped with quartz optical ports for spectroscopic 
observations. The plasma is produced by a parallel 
plate RF discharge and confined to the interelectrode 
volume (diameter 12 cm, distance 3.2 cm) by a groun- 
ded grid. RF power is applied to the upper electrode, 
which is shower-like to allow gas injection. The groun- 
ded electrode is heated up to 523 K and is covered with 
a silicon substrate. The effective-power Peff coupled to 
the plasma, which is used as input parameter in the 
model, is obtained by the subtracting technique propo- 
sed by Godyak and Piejak [5]. 
The A2A - X2n transition of the SiH radical is used for 
the LIF measurements. A frequency-doubled single 
mode Nd:YAG laser (Quantel YG 780) delivers a 
10 ns, 180 mJ beam at 532 nm which is used to pump a 
tunable dye laser (Quantel TDL IV). Radiation at 
411 nm with pulse energies up to 2.5 mJ is obtained by 
mixing the dye laser radiation at 670 nm with the resi- 
dual 1.06 nm radiation of the Nd:YAG laser. The 
411 nm radiation has a linewidth of 0.08 cm"' 
(FWHM). It enters the interelectrode region by a slit in 
the grid. The fluorescence radiation is collected at right 
angle to the laser beam through the grid (transmission 
about 50%) and is imaged on the entrance slit of a 
monochromator (Jobin Yvon H.20). Light detection is 
achieved by a photomultiplier (HAMAMATSU R212 
UH) and a BOXCAR averager (Stanford SR250). 
Absolute density of the X2TJ state of SiH is deduced 
from the amplitude of a unique rotational line recorded 
in saturation regime. An estimate of the temperature, a 

XXm ICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-217 

correction taking into account the effect of partial satu- 
ration in the wing of the laser beam and a calibration of 
the collection optics are successively applied. The tran- 
sition R]e(N=7) in the A2A-X2n band was selected 
because the population of the X2I1(N=7) state depends 
only weakly on the temperature (An/n < 5%) between 
400 - 600 K, typical temperature measured between the 
electrodes for various plasma conditions [1]. We 
suppose T^ = Tg„, = 500 K in all our calculations. A 
typical vibrational temperature of T^ = 2000 K is also 
assumed to estimate the population on the vibrational 
states, but is actually without appreciable influence on 
the calculated absolute density. 
The calibration of the optical transmission of the detec- 
tion system and the multiplier response is obtained by a 
Rayleigh measurement using the same optical configu- 
ration as in the LIF measurements. By modelling the 
LJJF saturation behaviour it is then possible to correctly 
normalize the LIF measurements over the whole laser 
energy range [6]. Strongly saturated LIF measurements 
have been carried out in order to maximize the fluores- 
cence signal and to minimize incertainties due to laser 
energy fluctuations. 
The uncertainty of the absolute SiH density is estimated 
to be about 70% (la). This large uncertainty is pre- 
sently mainly due to the imprecise measurement of the 
laser energy by a calorimeter. 

4. Results and discussion 
In fig. 1 and 2 we show respectively the calculated and 
measured SiH density profiles and the growth rate of 
amorphous hydrogenated silicon on the silicon wafer 
for two different plasma conditions (see figure cap- 
tions). 
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Fig. 1: Calculated (line) and measured (dots) axial SiH 
density profiles: 
a) 5 seem SiH», ptot = 68 mtorr, Peff = 6 W. 
b) 5 seem SiHt + 45 seem H2, ptot = 300 mtorr, Peff = 15 W 

In both plasma conditions the shapes of the SiH density 
as well as of the film growth rate are well reproduced 
by the model. 
The absolute values predicted by the model are in good 
agreement with the measured ones in the case of the 
pure silane plasma: they differ by less than a factor 2 
(fig. la and 2a). If we consider the ab initio character of 
the model, this agreement of calculation and measure- 
ment is quite satisfactory. 

I   '   I   ■   I   '   I   ■   I   '   I   ■   I 
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Radial position / cm 
Fig. 2: Calculated (line) and measured (dots) radial a-Si:H 
growth rates on a silicon wafer. Plasma conditions a) and b) 
are the same as in fig. 2. 

In the case of the hydrogen diluted plasma (fig. lb and 
2b), the model overestimates both the SiH density and 
the film growth rate by a factor of about six relative to 
the measurements. In order to investigate the origin of 
these discrepancies and to further increase the 
reliability of the model, density measurements of other 
radicals in H2/SiHi plasmas are in progress. 
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SPECTROSCOPIC STUDY OF METHANE CONVERSION IN THE 
FLOWING AFTERGLOW OF A DINITROGEN MICROWAVE PLASMA 
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1. Introduction 

The conversion of methane to more useful chemicals or 
fuels has generated widespread interest because of 
important industrial applications. Many studies arc still 
in progress. We have investigated the activation of 
methane in the flowing afterglow of a dinitrogen 
plasma by a spcctroscopic method. 

2. Experimental 

The experimental setup was shown in [1]. A microwave 
generator (2.45 GHz) is connected to a rectangular 
waveguide cavity. Stationary waves produce a plasma 
in a cylindrical fused silica reactor (i.d. =2.8 cm ; o.d. = 
3 cm) crossing the cavity. 
Methane is introduced into the afterglow at distances d 
from the end of the cavity by means of four ports 
distributed all around the reactor. 
All experimental results reported here arc for the 
following experimental conditions : pressure = 13.2 
mbar, N2 flowrate = 200 mL(STP)/min, CR, flowrate = 
150 mL (STPVmin, incident power = 370 Watt. The 
pressure is measured by means of a baratron and the 
gas flow rates F (in STP conditions, i.e. 298 K and 1 
bar) by means of mass flowmetcrs. 
Optical emission is analysed by a monochromator 
(Jobin-Yvon, HRS1. 1220 lines/mm, focal length 588 
mm) and a photomultiplicr (Hamamatsu. R928) by 
means of an optical fibre moving along the afterglow. 
The emission intensity of the following bands is 
studied: 
- N: First Positive System at 580.4 nm (B,v=l I_»A,V=7), 
- N2 Second Positive Sysl. at 380.5 nm (C,v=0->D,v=2). 
- N2

+ Firt Negative Syst.    at 391.4 nm (B:v=0->X,v=0). 
- Violet System of CN       at 388.3 nm (B,v=0->X,v=0). 

3. Results and Discussion 

Methane conversion is pointed out by emission of violet 
system of CN at the point of introduction of methane 
(Fig. 1). This emission shows that methane is converted 
as far as 150 mm in the afterglow. 
Computations carried out by varying electron density 
as well as electron temperature [2] showed that 
electrons have a little influence in the mechanism of 
methane conversion in these experimental' conditions. 
Fast decay of charged species occurs in the afterglow; 

electron density and energy arc not high enough to 
dissociate methane. 
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Figure   1   :   Emission   intensity   I(388.3nm)   versus 
methane injection point d in the afterglow. 

The N;>+(B,v=0->X,v=0) emission intensity (Fig.2) 
decreases with methane addition indicating the decay of 
excited ions: this is in good agreement with results of a 
previous paper where for injection of methane at d = 32 
mm, charged species were no more measured with 
Langmuir probes [1]. 
If electrons do not play an important role in the 
methane decomposition, the initiation of the reaction 
could be due to active species of dinitrogen present in 
the afterglow 

Figure 2 shows emission intensity I along the afterglow 
(Ln(I) versus distance x) for several bands of N: 

spectrum for pure N2 and for a mixture N2/CH.i with 
introduction of methane at d = 9mm (i.e. x = 0). 
Methane addition leads to an important decrease of the 
emission intensities of the First Positive System of N2 

and of the First Negative System of N2* whereas the 
Second Positive System of N2 is not changed. 
Some information about nitrogen active species leading 
to methane activation can be deduced. 
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In the afterglow, N atoms mainly recombine on the 
N2(B,v) excited state according to the following 
reaction (a) [3]: 

N + N + N2   -»   N2(B.v) + N2 (a) 
This reaction leads to an enhancement of the 
N2(B,11->A,7) band compared to the others bands of 
the sequence Av = 4. 

6 - 

5» 
e 
*   4 H 
s 
c 
o 

•a 2 H 

~ OH 

V^ 
3 Ln (I) 

1—|—i     |     l     |   1     |     I     | 

0        50      100     150     200     250 
x (mm) 

Figure 2 : Emission intensity of N2(B,11-»A,7): 580.4 
run ( D, ■); N2(C,<H>B,2): 380.5 nm (A, A), and 
N2

+(B,0-*X,0): 391.4 nm (O, •), along the afterglow 
for pure nitrogen (open symbols) and for a mixture of 
dinitrogen with 42.8 % of methane (black symbols) 
when methane is added atd=9 mm (i.e. x = 0). 

Another reaction can lead to N2(B,v) levels, especially 
in the near afterglow [4]: 
N2(A,v) + N2(X,v>6)   ->   N2(B,v) + N2 (b) 
When this last reaction prevails against reaction (a), 
the N2(B,v=ll-»A,v=7) emission is not enhanced with 
regard to the others. For B,v=l 1, we need: 
N2(A,v) + N2(X,v>12) -> N2(B.v=ll) + N2 (b') 
In our experimental conditions, the Av = 4 band 
emission is significantly lowered in the mixture and the 
N2(B,11-»A,7) band is no more enhanced indicating a 
decrease of the rates of reactions (a) and (b). 
Quenching rate constant of N2(B,v) by CR» is only 
about 10 times higher than that by N2 [5], so quenching 
cannot explain alone the large difference observed in 
Figure 2. When CIL, is added. CHX radicals are 
produced; these react with N atoms with a rate constant 
about 10+4-10+5 times higher than that of reaction (a). 
Therefore there is a depletion of N atoms that can 
explain that N2(B, 11->A,7) band is no more enhanced. 

The N2(C,v=0-»B,v=2) does not vary with methane 
addition. As studied in another paper [6], N2(C) state is 
formed from N2(A.v) metastable state: 

N2(A,v) + N2(A,v)   -*   N2(C.v) + N: 

Therefore, the observation of the N2(C.v) bands shows 
the presence of excited molecules N2(Av) and allows 

one to follow their behaviour along the afterglow. It is 
well known that N2(A,v) is easily quenched by N atom; 
so one could expect an increase of N2(A,v) when atomic 
nitrogen concentration decreases. As this is not 
observed, we can deduce that CIL,. and radicals CHX 

produced from CH4 react with N2(A,v). Moreover 
Golde et al. [7] have detected H atoms during the 
quenching of N2(A,v) by CH,. They reported that, 
although vibrational relaxation is the principal 
deactivation process for CH4, deactivation by electronic 
quenching could reach about 10 % of the total 
quenching. As N2(A,v) density seems not affected by 
methane addition, decrease of reaction (b) could result 
of a decrease of N2(X,v>6) density; so this species can 
also react with methane. 
The creation of excited dinitrogen N2* in the afterglow 
is due to vibrational/vibrational transfer between 
molecules N2(X, v) when translational temperature of 
gas is going down [8]. Therefore, ground state 
dinitrogen molecules with high vibrational levels and 
excited molecules in electronic states (mainly A state) 
are present in the afterglow and can participate to 
methane activation. 
The excited atomic nitrogen has some influence on 
decomposition of methane molecules too, but the 
concentration of excited nitrogen atom is much lower 
that the concentration of excited nitrogen molecule, 
therefore this channel of excitation is negligible. 

Our results show the great influence of excited 
metastable dinitrogen molecules (N2(A,v) and N2(X,v) ) 
in the methane conversion. An absolute concentration 
of N2(A,v) of about 10+12 can be estimated from 
N2(C,v=0) emission as reported before in a previous 
paper [6]. 
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Carburation of steel performed in an Ar-CIfy microwave expanded plasma. 
Correlations with plasma characteristics. 

M.J. Cinelli, I. Jauberteau, J.L. Jauberteau, J. Aubreton and A. Catherine* 
URA 320 CNRS. UER des Sciences, 123 av. A Thomas. F-87100 Limoges (France) 

M. Cahoreau 
URA 131 CNRS, UER des Sciences, SP2MI, Bd 3, Teleport 2, BP179, F-86960 Futuroscope (France) 

Plasma steel carburizing is used from many years 
because of the reduced process time and pressure in the 
furnace relatively to conventional process [1]. Moreover 
it produces no toxic or dangerous gases. The 
hydrocarbon molecules as CH4 are dissociated in the 
plasma and the active species are probably adsorbed on 
the surface of the workpiece where they dissociate into 
carbon and hydrogen. 
Our purpose is to study the plasma steel carburizing in 
an Ar-CH4 mixture containing very low CH4 content, 
where simple radicals as CHX<3 are preserved. These 
radicals are very reactive and could play a role in the 
transfer of carbon from the gas to the surface. 

•I. Experimental set-up 

The experiments where performed in a reactor which 
consists of a fused silica tube where a microwave 
discharge is produced by means of a power supply 
SAIREM GMP 12 kE operating between 0 and 1200 
W. The base pressure is maintained at 10"5 Pa. The 
plasma is expanded out of the discharge center into the 
stainless steel vessel until the substrate surface ( Figure 

During carburizing process, the total pressure of 1.3 
kPa in the vessel is kept constant using an Alcatel 
Roots blower pump (70-700 mV1) which maintains a 
gas drift velocity of about 5-100 ms"1. 
The activated carbon species produced in the plasma 
are selected by moving the substrate along the axis of 
the reactor. 
The steel is exposed to a mixture of Ar-1%, 3 %, 5% 
CH4. The substrate temperature, the microwave power 
and the pressure are respectively held at 900 C, 300 W 
and 1.33 kPa. 
Metallography, hardness, and SIMS (Secondary Ions 
Mass Spectrometry) measurements are carried out to 
investigate the carburized steel. 

II. Results and discussion 

The plasma carburizing of a 16MC5 steel is carried out 
in an (Ar-5%CH4) mixture under the conditions 
previously described. 

A surface layer of about 150 um depth and containing 
0.6 % to 0.8 % of carbon is builded after 1 h. 
An (Ar-3%CH4) exposure leads to analogous structure 
which remains deeper than in the former case. 
These tendencies are also evidenced by hardness 
measurements investigated on a 16NC6 steel exposed 
to increasing doses from 1% to 5 % of CH4 in Ar. The 
hardness decrease with increasing amount of CH4 in 
Ar. 
These results confirm the conclusions of previous 
investigations on carbon films that CHx<3 species 
which play a role in the formation of high densities 
carbon phases, are mainly identified for low CH^ 
concentrations (Figure 2) [2, 3]. 
The influence of the substrate position with respect to 
the center of the discharge on the carburization of the 
16MC5 steel is reported in figure 3 and 4. In that case 
plasma carburizing is carried out in an (Ar-5%CH4) 
mixture for an exposure time of 15 minutes duration. 
The steel hardness strongly decreases from positions 
close to the discharge center to positions far in the post 
discharge (Figure 3). 
SIMS results show a strong surface carbon enrichment 
as the steel is carburised near the plasma discharge 
compared to the steel simply heated in vacuum or 
thermochemically carburised without plasma where a 
strong surface decarburization is observed. The surface 
carbon signal strongly decreases from positions close to 
the discharge center to positions far in the 
postdischarge (Figure 4). This means that the most 
important source of carbon for carburization is mainly 
localised near the plasma discharge where simple 
species as CHX<3 and C ions are preserved. 

[1]   W.L.   Grube   and   J.G.   Gay   :   Metallurgical 
Transactions A, 9A 1421 (1978). 
[2]   M.J.   Cinelli,  L.   Thomas,   I.   Jauberteau,   J.L. 
Jauberteau, J. Aubreton, A Catherinot: Proceedings of 
the International Symposium on Heat Transfert under 
Plasma Conditions, Ed P. Fauchais, Turquie (1994). 
[3] L. Thomas, I. Jauberteau, J.L. Jauberteau, M.J. 
Cinelli, J. Aubreton, A. Catherinot : Appl. Phys Lett 
68, 12 (1996). 
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Figure 1: Experimental set-up. 
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Figure 3 : Hardness measurements versus the length 
between the substrat and the discharge center (dscs). 
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Figure 2 : mass spectrometer measurements of CxHy 

species versus the % CH4. 
Measurements are performed at 20 cm from the 
discharge center. The total pressure is 0.2 Torr and the 
power is 200 Watt. 
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Figure 4 : Surface carbone concentration (SIMS 
measurement), versus the length between the substrat 
and the discharge center (dscs). 
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HIGH POWER  RADIO FREQUENCY- AND MICROWAVE- DISCHARGES; 

COMPARISON UNDER A PLASMACHF.M ICAL TREATMENT OF HYDROGEN SULFIDE. 

A.Bagautdinov. Yu.Eremenko. V.Jivotov. I.Kalachov, E . Konstant inov , 
A.Kosbagarov. S.Musinov. K.Overchuk. V.Rusanov. V.Zoller 

Russian Research Centre "Kurchatov Institute" 
Hydrogen Energy & Plasma Technology Institute 

Kurchatov sqr.,123 182 Moscow,Russia 

The investigation  of energy different.At the same  time  the 
characteristics    for    plasma gasodynamic    parameters     of 
chemical    process    of    the discharges    (tube   diameters, 
treatment  of  hydrogen  sulfide axial and linear gas velocities, 
containing gases (H S+CO )  with gas   flows  Qin  )    and   the 

obtaining  the   synthesis   gas 
general  macroscopic  parameters 
of one (pressures P  and  energy 

(H +CO) and the  sulfur  as  the . , . , , 
2 input   E=W/Qin   )   could   be 

products have been  carried  out chosen similar . 
at  small  industry  plant  .Two The   general   results.The 
plasmatrons - microwave one (900 hydrogen   sulfide    conversion 
MGz,   W=   300kW)   and   radio degree   (Qout/Qin)   and    the 
frequency one ( 440 kGz , W= 600 process  energy expense A=W/Qout 
kW) - have  used. The comparison (Qout is the  product  flow)  do 
of the  process  efficiency  for not depend on the discharge type 
both types  of  discharges   has practically and are  defined  by 
done.The   influence   of    the the    energy    input     value 
gasodynamic     parameters    of generally.  The  energy  expense 
discharges   and   the   general values are minimal (A  is  about 
macroscopic  parameters  of  one 1.5  kW.h/   m    of   synthesis 
(pressure,specific energy input) gas + 1.4 kg  of  sulfur)  under 
were  investigated.    The   MCW energy   input   about   0.2-0.3 
discharge   and   HF   discharge kW.h/rn    for   both   discharge 
differ  e1ectrodynamica1ly  very types.The dependencies  of  A(E) 
much.The waveguide type  of  the and A(P) are  similar  for  both 
discharge      in      microwave discharge types  too.The  single 
plasmotron  and  the   inductive difference   ,   it     is   the 
type    of     one     in     RF constant low  excess  of  energy 
plasmotron.electric        field expense for  RF  discharge  (not 
distributions     inside     the more than 15 %)      connected  with 
discharges     are     different the  greater   emission   losses 
principally.The   relations   of because    of    the     greater 
"skin  to  radius" .  of   "wave temperatures in central area  of 
length    to    radius"   .   of RF discharge in comparison  with 
"emission     frequenc y t t o ITS i c r o wa v e one. 
collision freauencv"   are  also 
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So.the energy efficiency of 

the plasma chemical  process  of 

hydrogen sulfide dissociation is 

defined   generally    not    by 

e 1 ectrodynamic        discharge 

properties but  gasodynamic  and 

energetic discharge  parameters. 

More detailed investigation have 

shown    that    the     general 

characteristics      of      the 

non-equilibrium plasma  chemical 

process mechanism  are connected 

with  centrifugal   effects   in 

rotating gas  and   with   inner 

recuperation   of   the   energy 

giving out  when  realizing  the 

sulfur recombination  (S ->S ). 
2   o 

Those effects take place at  the 

discharge periphery and  at  the 

post-discharge area. 

THE ROLE OF DISCHARGE PERIPHERY 

The concentrations of 

hydrogen and carbon monoxide at 

the discharge periphery, were 

measured to make a specific 

conclusion about the process 

mechanism and to estimate the 

process product distributions at 

the after-discharge area. The 

product component concentrations 

are nearly linear with respect 

to the length along the 

discharge and reach such the 

values that car, net be 

explained by usual diffusion and 

necessitate some non-equilibrium 

mechanisms refered above. Two 

region model was suggested for 

simulating the discharge. 

The model assumes that 

total gas flux after the 

discharge can be subdivided 

into two parts by 

convent ion.First - central "hot" 

periphery flux.Processing 

experimental data has shown that 

hydrogen flux from periphery 

region must be about 40 % of the 
total hydrogen flux and CO flux 

from periphery region is about 

20 %   of the total CO flux . 

Those experimental 

results lead to conclusion that 

commensurable parts of products 

emerge from "hot " central and 

"cold" periphery discharge 

regions. 

THE ROLE OF POST-DISCHARGE  AREA 

Not only quenching of 

the obtained products but 

also       the       additional 

d i ssoc iat ion  of the H0S-CO, 

mixture, i.e. the additional 

synthesis-gas product ion,takes 

place at the post -discharge 

region. Radial distributions of 

gas temperature , of all the 

product concentrations and of 

gas flow velocity were measured 

by means of movable probes.This 

measurements allows to determine 

product compositions and energy 

expenses in different sections 

of post - discharge zone. It was 

established that the hydrogen 

concentration increases 1.4 

times and CO concentration - 2.5 

times in the distance between 

the outlet of plasmatron and the 

point laying 40 cm longer 

(at after-discharge area). The 

energy expenditures decreases 

accordingly.One of the possible 

reason for this fact is an 

effective inner recuperation of 

energy arising in the process of 

sulfur recombination (S^ -> S ). 

flux and second :o id 
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THE PLASMA CATALYSIS EFFECT AT  THE  METHANE  DISSOCIATION 

INTO HYDROGEN AND CARBON. 

evant C., 

1 
2 

Babaritskiy A.I., Baranov I.E?, Dyomkin S.A?, Eti 

Jivotov V.K., Potapkin B.V., Rusanov V.DJ, Ryazantsev E.I? 

RRC Kurchatov Institute, Russia, Moscow, 123182, Kurchatov sq 
CIEE, France, Versailles, 78000, rue Saint-Charles, 44. 

Jt    is     experimentally 
demonstrated     the      plasma 
catalysis   influence   on   the 
endoergic process of the methane 
dissociation with the  formation 
of hydrogen and carbon: 

CH  = 2H„ + C       ( 1 ) 
4     2    solid K    ' 

The plasma catalysis effect at 
this condition consists in the 
chemical process acceleration, 
due to the specific influence of 
the plasma active particles 
(ions, radicals) on the 
previously heated gas. The 
catalytic acceleration of the 
process is realized at the 
relatively low temperatures 
(about of 500 C), that allow to 
utilize the low potential heat. 

T^e experimental 
installation consists of two 
blocks. The first is the gas 
heater. Gas (methane of 
expenditure 30f250 ncm /s) at 
atmosphere pressure was heated 
up to temperature 4004-600 C. The 
heated gas entered the inlet of 
the plasmatron (the second 
block), in which the gas was 
exposureed by the pulse-periodic 
microwave discharge. The 
discharge transfered to the gas 
the additional energy input s 

with  the  ratio e 
Pi 

to 
Pi' 
the 

thermal energy input £ (due to 
th 

the heater) being less than 20%. 

The    parameters     registered 
experimentally were the follows: 
the gas  temperature  T  at  the 
inlet of the discharge zone; the 
methane   expenditure   Q;   the 
microwave power W,  absorbed  by 
discharge;   the   gas   product 
composition at the outlet of the 
plasmatron. The  series  of  the 
experiments were performed  with 
discharge and without  one.  The 
gas composition of  products  at 
the  outlet  of  the  plasmatron 
were analyzed and  the  increase 
of the methane conversion degree 
a due to the discharge influence 
was determined. 

The experimental data and 
some calculated dependencies are 
presented in the Fig. 1. 

ifiO W 460    iflo 
The methane conversion degree a 
into   hydrogen    and    carbon 
(reaction (1)) lays off  on  the 
y-axis.  The   specific   energy 
input s   in the system  lays  off 
on the x-axis. It corresponds to 
the thermal  energy  input s      , 

th 
plus the  energy  input  of  the 
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discharge   (if   it   exists): 

+  £   -. (2) -i"       =     f 

th Pi' 
where  value £      =W/Q,  and  the 

Pi 
energy input £        is the function 

th 
of the  temperature  T  and  the 
methane conversion degree a   into 
hydrogen and carbon: 

*th=*th(a' T) = d-a)^CH4(T) + 

+ a*Ze     (T)-KX*AH(T ) (3) 
pr o 

In (3) the  first  term  is  the 
thermocapasity energy input, due 
to the heating of the nonreacted 
part  of   methane   from   room 
temperature  to  T.  The  second 
term in (3) is the energy input, 
due  to  the  heating   of   the 
process   products   from   room 
temperature to T. The third term 
in (3) is the  enthalpy  of  the 
methane  dissociation   reaction 
into  products   at   the   room 
temperature for  the  particular 
conversion   degree    a.    The 
thermodynamic        equilibrium 
calculation  in  coordinates  a, 
£., is presented by the curve  1 

in the Fig. 1. The experimental 
data under the thermal energy 
input only are presented by the 
curve 2 in the Fig. 1. The 
experimental data under heating 
vhe methane up to the 
temperature 550 C and with the 
microwave discharge of different 
power  W  (energy  input £ is 
determined by (2)) are presented 
by the curve 3 in the Fig. 1. 
The comparison of the curves 1, 
2, 3 in the Fig. 1 demonstrates 
evidently the great plasma 
catalysis effect. 

Note, that the curve 4 in 
the Fig. 1 corresponds to the 
traditional thermocatalytic 
endoergic     process,     being 

performed   at   the    constant 
temperature.  The  curve  4   is 
obtained by  the  transformation 
of the relation  (3)  relatively 
the  value  of  the   conversion 
degree a:   a = F(£-  , T), where the 

th 
conversion degree a     depends  on 
energy  input  £ , ,   and   the 

th 
temperature T is the  parameter. 
This  dependency  for  different 
temperatures T is  presented  by 
the series of  parameter  curves 
in the Fig. 1  (the  temperature 
T=550 C corresponds to the curve 
4).  It  is   clear   from   the 
analysis of data in Fig. 1, that 
the   plasma  catalysis  process 
leads  to  the  gas  temperature 
decrease due  to  the  intensive 
energy consumption as  a  result 
of   the  reaction  (1).  It  is 
principally important, that this 
temperature   decrease   doesn't 
influence    on    the    plasma 
catalysis  process   efficiency, 
since  the  last  one   is   not 
checked by the gas  temperature, 
but by the electron  temperature 
of  the   plasma.   The   plasma 
catalysis     effect,      being 
accompanied    by    the     gas 
temperature    decrease,     was 
observed under different  values 
of the previous heating  of  the 
gas too  (the  curves  5  and  6 
corresponds to the  temperatures 
of the initial heating  500  and 
600 C) . 

The possible mechanisms  of 
the acceleration of the  methane 
conversion process in  discharge 
were analyzed. It is shown, that 
the rational explanation of  the 
observed effect is  possible  at 
the   account   of   chain   ion 
mechanism   of    the    methane 
dissociation. 
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Introduction 
In recent years there has been a considerable growing 

interest in the surface and coating technologies, in the 
treatments of various materials and in the deposition of 
thin films by the plasma-chemical processes. Various 
plasma-chemical systems (reactors) have been 
developed for the deposition of thin films which are 
able to deposit thin films on different materials and 
components. ( For review see for example [1] ). The 
disadvantage of most of these reactors is that they are 
not suitable for deposition of the thin films on the 
internal walls of cavities, holes and on substrates with 
complex shapes. Furthermore the reactors require a 
relatively low pressure of the working gas in the order 
of several Pa to several tens of Pa and therefore for 
some applications they are not suitable. For this reason 
it will be convenient to develop a plasma-reactor that 
will be able to work at higher pressures of the working 
gas closer or equal to atmospheric pressure. 
In the present paper an attempt is made to develop the 

plasma-chemical reactor that will be able to work at 
higher pressures of the working gas up to atmospheric 
pressure. This reactor is based on the principle of the 
RF torch discharge. 

The RF corona and the torch discharge 

Generally the RF corona discharge is generated due to 
the strong intensity of the RF electric field in the 
neighbourhood of a sharp electrode edge where the 
discharge originates. This fact is confirmed by the 
spectrum of the discharge. Thus the main ionisation 
processes of neutral particles in the RF corona 
discharge are the ionisation collisions of the electrons 
accelerated in the strong electric field region. 
When the RF power dissipated in the polyatomic 
working gas discharge increases then increases also 
the vibrational temperature of excited neutral 
molecules [2,3]. Due to increase of the vibrational 
temperature increases also the role of thermal 
ionisation of the excited neutral molecules (with higher 
vibrational temperature). This thermal ionisation 
causes the decrease of the electric field intensity in the 
neighbourhood of the electrode and as consequence 
decreases also the ionisation caused by accelerated 
electrons. In the case in which the difference between 
the electron temperature and the vibrational temperatu- 

re of the excited neutral molecules is small then the 
corona discharge transits to the torch discharge. The 
transition between the corona and the torch discharge 
does not occur stepwise, but gradually [2,3]. At small 
RF power dissipated in discharge the discharge 
corresponds to the corona discharge while at higher 
power the torch discharge occurs. The plasma of the 
torch discharge in the monoatomic working gases 
differs from that burning in the polyatomic gas. The 
transfer of the electron energy to the neutral particles 
in this case has been studied in [4]. 
When the RF power which is dissipated in the torch 
discharge increases above a certain limit at which the 
temperature of the sharp electrode edge is so high that 
the electrode material is evaporated the plasma of the 
torch discharge is formed in the mixture of working gas 
and vapours of the evaporated electrode material. The 
properties of such torch discharge do not resemble 
those of a glow discharge but they are more like those 
of an arc discharge. For this reason it is necessary to 
consider such torch discharge as the arc torch 
discharge [3,5]. 

The plasma-chemical reactor with the arc torch 
discharge 

The scheme of the experimental set up is shown in 
Fig 1. The powered electrode of the torch discharge is 
made from a thin pipe. The support for the electrode 
has been cooled by flowing water. The electrode is 
connected trough the matching unit to the RF generator 
the frequency of which was 13,56 MHz. The working 
gas which flows from the nozzle stabilises the arc torch 
discharge and well-defined plasma channel is created 
in the reactor chamber. 
The pressure in the reactor chamber was maintained in 
the range of approx. 103 Pa up to atmospheric pressure. 
In such pressure range the powered electrode (thin 
pipe) cannot act as the hollow cathode [6] and only an 
edge of the electrode is involved in the discharge 
processes. This phenomenon is important from the 
point of view of the thin film deposition because only 
sputtered or evaporated material of the electrode edge is 
involved in the deposition processes of thin films. 
The RF power dissipated in torch discharge has been 
adjusted for atmospheric pressure of the working gas 
above 100 W and so at the electrode edge the arc 
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torch discharge was created. At the lower pressure 
approx. 103 Pa the RF power which is necessary to 
create the torch discharge is in the order of several tens 
of watts. 

Experiment 

Experimentally the reactor with the torch arc discharge 
has been investigated by means of the system in which 
the active electrode has been created from the surgical 
needle. The photographic pictures have been scanned 
and computer processed to obtain lines corresponding 
to the equalight intensities (isointensities). An example 
of obtained results is seen in Fig. 2. From the figure it is 
seen that in this case the velocity of the working gas 
flow is subsonic. The edge of the electrode is hot and 
due to this phenomenon the arc torch discharge is 
created in this case. 
In order to increase the velocity of the working gas flow 
up to supersonic value the reactor chamber was 
continuously pumped by a rotary pump. In this case it 
was seen that near the electrode the velocity of the gas 
flow is supersonic and two barrel shock patterns have 
been observed. Furthermore the experimental results 
show that at this low pressure of the working gas inside 
the reactor chamber the RF power which is necessary for 
generation of the torch discharge is several tens of watts 
and it is roughly one order of magnitude smaller than 
in the torch discharge at the atmospheric pressure. 

Pressare In the remrtar ehaatber 
■ -lo'pa-io'pa 

actor chamber 

Puma channel 
(Flame »f the tort» discharge) 

' working gas output 

Fig. 1. The plasma-chemical ractor with torch 
discharge. 

Discussion 

The experimental results show that the plasma-chemical 
reactor which is based on the torch discharge is able to 
work in the high pressure region of the working gas up 
to atmospheric pressure. As it has been mentioned above 
in such pressure range the powered electrode (thin pipe) 
cannot act as the hollow cathode [6]. The experimental 
results show that in the investigated plasma-chemical 
reactors with torch discharge the thermal emission of 
electrons from the hot electrode edge should be taken 
into account and due to this phenomenon the arc torch 
discharge is created. 
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Fig.2. Curves of the equal light intensities 
(isointensities) obtained by scanning and consequent 
computer processing of the torch discharge 
photographic print (enlarged detail of the electrode 
edge). The outer contour of "the electrode of the 
diameter 0,7 mm is illustrated by dashed line. 
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Introduction 

In recent years there have been a considerable growing 
interest in the applications of plasma-chemical 
processes in the surface and coating technologies, 
treatments of various materials and deposition of thin 
films. The reason is that by means of plasma-chemical 
technologies it is possible to replace classical 
technologies that often have the harmful influence on 
the environment. Furthermore the plasma-chemical„ 
devices, reactors, can be used in novel applications. 
For example the surface treatment of polymers and 
materials that could be utilised in the medicine, 
ecological programs and biophysics. Recently for the 
deposition of thin films from the various materials 
different plasma-chemical reactors have been 
developed. The disadvantage of the most of them is 
that they are not suitable for deposition of thin films on 
the internal walls of cavities, holes and complex shapes 
of hollow substrates. For the novel applications it is 
necessary to develop the plasma-chemical reactor that 
should be able to deposit the composite thin films and 
multilayer structures. 
The RF low pressure plasma-chemical reactors with 
one hollow cathode can in particular cases fulfil the 
mentioned requirements [1,2] (For review see for 
example [3] or [4]). In the plasma-chemical reactors 
with hollow cathode the working gas flows through the 
hollow cathode that acts simultaneously as a nozzle for 
the working gas. According to the working gas flow in 
the reactor chamber these reactors can be divided into 
two groups: The systems with the supersonic gas flow 
(plasma-jet reactor, RPJ) and with the subsonic one. 
The results that have been obtained in the deposition of 
thin films by means of RPJ reactors with one hollow 
cathode [5,6] indicate, that the plasma-chemical 
reactor with multi-hollow-cathode system should be 
able to deposit the composite thin films and multilayer 
structures onto internal walls of cavities, tubes and on 
the components with complicated shapes. It can be also 
expected that by means of this system it will be able to 
deposit the composite thin films and multilayer 
structures from various materials in dependence on the 
sort of working gases and nozzles material. 
In the present paper an attempt has been made to 

develop   the   plasma-chemical   reactor   with   multi- 
hollow-cathode system. 

The multi-hollow-cathode plasma-chemical 
reactor 

In the present paper for sake of simplicity we developed 
the reactor with only two hollow cathodes. The 
schematic drawing of the experimental set up used in 
the present paper is shown in Fig. 1. The working gases 
that flow through both nozzles were adjusted in such a 
manner that flows from both nozzles are supersonic. 
Both nozzles are connected to the different RF 
generators (in Fig. 1 generator RF1 and RF2). By means 
of these generators two plasma jets are created inside 
reactor chamber in the same way as in the one hollow 
cathode reactor. The advantage of such experimental 
set up is that both plasma-jet channels are created by 
independent sources and the working conditions of 
each hollow cathode discharge and primary plasma-jets 
can be independently adjusted. 
The substrate is isolated from the. metallic wall of the 
reactor chamber and it is connected with the output of 
the third RF generator (in Fig 1. RF3). Within certain 
limits by means of the output voltage of this generator 
it is possible to adjust the self-bias voltage of the 
substrate. 

working 

nozzle supprt 

insulator 

working gas 2 RF1 

Insulator 

metal reactor chamber 

Fig 1. The scheme of the plasma-chemical reactor with 
the two-hollow-cathode system. 
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The plasma-chemical processes in the 
plasma channels. 

In the primary plasma channels due to hollow cathode 
discharges there are both the neutral, excited and 
ionised particles of the working gas and the particles 
sputtered from nozzle surface. The plasma-chemical 
reactions between the mentioned particles take place in 
the hollow cathodes, in the primary plasma channels. 
In the crossing point, in the secondary plasma channel 
and in the stagnation point the intensive plasma- 
chemical reactions between the particles from both 
primary channels also could be expected. The scheme 
of the particles and the interactions between them 
inside the reactor with the two-hollow-cathode system 
is seen in Fig. 2 

Because the plasma in the secondary channel is flowing 
with drift velocity VD for the reaction time t can be 
approximately written: 

node 1 
■putterdiutvi1aJ(A2) 

siottenl material" 
(A2.AJ,A2)+(A,*'|. AV^) 

Self-Mai TDltiga V, 
'Ä.7        \-vi.(kVq.)ini.(iJjB3*w 

■Vj Vt=-<kVo,.)lii(2»»'M)1'2 

Fig. 2 

As an example of plasma-chemical reactions the 
plasma-chemical ion-molecule reaction of ions from the 
first primary channel (A4) with the neutral molecules 
from the second primary channel (Bn) inside the 
secondary plasma channel is presented here in more 
detail. The intensity of the particular plasma-chemical 
ion-molecular reaction of ions from the first primary 
channel (A4) with the neutral molecules from the 
second primary channel (Bn) can be estimated under 
assumption that in the supersonic secondary channel 
the plasma is approximately in the condition of the 
flowing afterglow. The density of the neutral molecules 
[Bn] is customary several orders of magnitude higher 
with respect to the density of ions [A4] so that the 
variation of the density [Bn] due to reactions with ions 
(A4) can be in our estimation neglected. Then for the 
variation of the ions density [A4] along the secondary 
channel can be written ( diffusion losses do not play 
substantial role): 

^~*.[A-(,)][B.] (!) 

where [A4] and [Bn] are the densities of ions and 
molecules respectively, kr is the rate coefficient of the 
ion-molecule reaction between A+ and Bn. 
The solution of the equation (1) is: 

[A+W]-[A+(0)]exp{-kr[Bn]t} (2) 
where t is the reaction time and  [A+(0)] is the density 
of the ions in the crossing point. 

t- 
vn 

(3) 

where x is distance from the crossing point where the 
reaction time is t. 
By means of equation (2) it is possible to determine the 
decay of the ion density [A"] due to reactions with 
molecules (Bn) and from obtained results roughly 
estimate the intensity of the investigated ion molecular 
reactions. For example if we assume that the rate 
coefficient k; of the investigated ion-molecule reaction 
is 10'9 cmV, the density of the neutral molecules [Bn] 
is between 1014-1016 cm"3, then the density of the ions 
[A4] in the secondary channel decreases downto 1% of 
the value at the beginning of the channel [A+ (0)] after 
the reaction time f« 0,5-50 yus.ec. For supersonic 
velocity of the particles in the secondary plasma 
channel the drift velocity is approx. VD « 3.3 104 cm.s"1. 
If we assume that the distance between substrate and 
crossing point is in the region of l«2-3 cm the drift 
time of the particles in the secondary channel order of 
several tens till hundred usec. For the exact 
calculations of the plasma-chemical reaction intensity 
along the channel it is necessary to take into account 
the recombination, the radial diffusion of the ions A+ 

and also the variation of the drift velocity in the 
supersonic channel. Nevertheless from above presented 
simplified consideration it is seen that the density of 
the reaction product at the end of the secondary channel 
is of the same order of magnitude as the primary ion 
[A+(0)] density. It, should be noted that the plasma- 
chemical processes inside the stagnation point also 
contribute to chemical activity inside the reactor. 
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1. Introduction 

In conventional ion implantation, mass separation 
is realized to select the ions to be implanted and to 
avoid the implantation of impurities. In contrast, to 
alleviate the implantation process, plasma-based ion 
implantation (PBII) does not apply mass selection. 
Therefore, it is of high interest to know the ion 
composition of the plasma to be able to predict the 
implantation profile. In addition, as the implanted ion 
depth range for monoatomic ions is much larger than 
for molecular ions of equal energy, plasmas with a high 
fraction of monoatomic ions are very attractive for 
applications in the high energy range. 

2. Experimental 

The chamber of our PBII reactor is a 60 cm 
diameter, 70 cm high cylinder. On a 50 cm diameter 
circle, the inside of the lateral wall is covered with an 
array of 24 tubular magnets, 2.45 GHz microwave 
power feeds, and wave propagators. Fast electrons, 
trapped in the magnetic field, oscillate along the field 
lines between the opposite poles of each magnet, and 
drift along the length of those magnets [1], When the 
electrons reach the end of a magnet, they swing into the 
opposite lobe and continue their itinerary of plasma 
production. Hence, each individual magnet acts as a 
three-dimensional magnetron structure. The entire 
lateral wall of the cylinder, in excess of one square 
meter, constitutes a peripheral plasma source that 
produces a uniform distributed plasma (UDP) 
throughout the chamber, apt to treat the objects fastened 
onto the bottom platen. The platen has a 10 cm useful 
diameter, and may accomodate flat wafers, pipes, or 
objects of arbitrary form. 

The 45 kV, 5 A high voltage pulse generator used 
in this study is of the conventional type [2]. The system 
includes a 60 kV, 2 mA high voltage power supply, 
connected to a 27 nF capacitor through a charging 
resistor of 200 kQ. The high voltage pulse is obtained 
via the partial discharge of the capacitor by means of a 
tetrode high voltage tube, which switches the positive 
electrode of the capacitor to ground. The pulse duration 
can reach 100 p.s with a repetition rate of up to 10 Hz. 

The top cover on the PBII reactor can be replaced 
by a window, or by a support for electrostatic probes or 
a mass spectrometer. The plasma parameters (plasma 
potential Vp, floating potential V,, electron temperature 
Tc, electron and ion densities n, and n,) were determined 
by analyzing the I(V) curves obtained with a cylindrical 
electrostatic probe. 

The ion composition of the UDP plasmas was 
measured by quadrupole mass spectrometry. The mass 
spectrometer with its differential pumping system 
replaces the top cover of the PBII reactor. The 
quadrupole is separated from the UDP plasma by a 90° 
molybdenum cone. The base diameter of the cone is 10 
cm, and ions are sampled from the plasma through a I 
mm diameter orifice at the cone tip. The quadrupole is 
equipped with a high efficiency electron impact source, 
with an extractor and a three-element ion lens. An 
additional cylindrical ion inlet lens is placed between 
the sampling cone and the ion source. It is possible to 
bias the quadrupole power supply by ± 10 V with 
respect to ground. 

For plasma composition measurements, the 
sampling cone was grounded. Thus, the ions are driven 
into the mass spectrometer by the plasma potential. To 
obtain quantitative measurements, the quadrupole was 
run under high transmission, low resolution conditions. 
To obtain wide flat peaks, without notches, it was 
necessary to ground the inlet ion lens as well as the ion 
source elements. Then, it was feasible to obtain flat 
rectangular peaks by slightly retarding the ions during 
their trajectory in the quadrupole, through adjustment of 
the quadrupole bias with respect to the plasma potential. 

3. Results and interpretation 

The plasma parameters have been measured with a 
movable Langmuir probe in nitrogen, oxygen and 
hydrogen UDP plasmas. The radial and axial evolution 
of the plasma characteristics shows that the plasma is 
uniform radially, but exhibits a decrease in density at 
both the top and the bottom of the reactor, due to the 
absence of magnetic field confinement there. The 
plasma parameters (Table I) have been obtained at a 
pressure of 1 mtorr. and with 1.4 kW (N„ G\) or 1.6 kW 
(H,) microwave input power distributed over the 24 
microwave    applicators.    In    nitrogen,    oxygen    and 
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hydrogen, the plasma and floating potentials are close to 
the ground potential. In such UDP's the electron 
temperature is rather low, and the ion densities are a few 
times 10'° cm"'1. 

Nitrogen Oxygen Hydrogen 

Vp 10V 9,5 V 6.4 V 

Vf 7 V 5,7 V 4,3 V 

Te 1,2 eV 1,3 eV 0,95 eV 

"' 
2x10"'cm'1 1,4 x 10'" cm'1 4,5 x 10" cm'1 

Table I 

The ion composition was determined by 
quadrupole mass spectrometry. The main result is that 
the atomic ions N\ O", H+ dominate over the molecular 
ions N2

+, 02
+, (H2\ H,*) by a factor of about three. That 

ratio depends only slightly on pressure in the 0.2-2 
mtorr range. 

H2 

1(14)     l(2B) 1(16)     l(32) KD    M2HK3) 

This result differs from what is observed in a 
classical electron impact ion source, or in less energetic 
plasmas. Here, we restrict the discussion to the 
phenomena that occur in the nitrogen UDP. Usually, the 
molecular ion N,+ prevails over the atomic ion N* in a 
ratio of ten to one or five to one [3]. This is due to the 
ratio of the cross-sections for the two ion formation 
processes by electron impact in the 50-100 eV electron 
energy range : 

e' + R 
e' + N* 

N,+ + 2e' 
N; + N + 2e" 

(I) 
(2) 

The reason why the atomic N* ion prevails in the UDP 
plasma cannot be attributed to the charge transfer from 
the molecular ion N,* via the reaction 

N; + N -¥   N, + N* (3) 

Atomic nitrogen is likely to be an important constituent 
in the N2 UDP plasma. However, in spite of the I eV 
exothermicity of this reaction, its rate coefficient has a 

low upper limit of 10"" molecule'1 cm1 s"1 [4], so that the 
contribution of this reaction to the N* population can be 
neglected. 

Dissociative ion-electron recombination (rate 
coefficient: 2.7 10" molecule"1 cm1 s'1 [5]) 

N; + e" ->   2N (4) 

is also too slow under our plasma density conditions to 
play a possible role in the (apparent) N,* decrease. The 
only way to explain the N+ overabundance is to take 
into account the electron impact dissociation of N,+ : 

N2
+ + e" H>   N+ + N + e" (5) 

In the 50-100 eV electron energy range the cross- 
section for this process is roughly ten times larger than 
that for process (1) [6], The importance of this 
molecular ion dissociation process is presumably linked 
to the trapping of the N,* ions in the magnetic field 
region where they are produced, i.e. in the region where 
fast electrons are trapped [7], Thus, a high dissociation 
rate of N,+ ions is easily obtained. Of course, ionization 
of the abundant N atoms : 

->   I\T + 2e" N-ne- 

may also contribute to N* formation. 

(6) 

4 Conclusion 

The uniform distributed plasma (UDP) is a 
powerful plasma source, which favors monoatomic ion 
over diatomic or molecular ion production. The high 
monoatomic to diatomic ion ratio in the UDP plasma 
will favor the effectiveness of the PBII process. 
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Nitrogen Dissociation in a N2-H2 Glow Discharge 
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[1] Depto de Fisica, Instituto Tecnolögico de Aeronautica - 12225-800 S. J. Campos - Brazil 

[2] Centra de Electrodinamica da Universidade Tecnica de Lisboa, Instituto Superior Tecnico, 1096 Lisboa 
Codex Portugal 

[3] Laboratoire de Physique des Gaz et des Plasmas, Univ. Paris Sud, 91405 Orsay - Cedex France 

The study of plasmas containing N2 

molecules currently motivates considerable 
attention as these mixtures are commonly 
employed for surface treatment. Nitrogen atoms 
are one of the most important species in metal 
surface nitriding, so that the study of N atom 
production and loss is of great interest. The 
theoretical model is based on the solution to the 
homogeneous Boltzmann equation for electrons 
coupled to a system of rate balance equations for 
the vibrational levels N2 (X,v) and H2 (X,v) for 
typical operating conditions of a low pressure, 
moderate current N2-H2 discharge1'1. The 
Boltzmann equation includes both inelastic and 
superelastic e-V collisions, while the rate equations 
system for the vibrational levels takes into account 
e-V, V-V and V-T exchanges as well as processes 
of dissociation, atom reassociation and vibrational 
deactivation on the wall of the container. In the 
calculations developed for this work we have 
considered the variations of the reduced electric 
field E/N, as a function of hydrogen concentration 
in the mixture[2]. The model considers that, under 
steady state conditions, the population of N 
atoms[3] are obtained by equating the production 
and loss mechanisms. The total dissociation rate, 
Vdiss., includes both dissociation by electron impact 
and dissociation by V-V energy exchanges. Only 
single quantum transitions are considered for the 
terms V-V, which are the most likely ones. The 
dissociation by a purely vibrational mechanism is 
assumed as a transition from the last bound level 
v=45 to a pseudo-level in the continuum(v=46), 
according to the following reactions: 

N2 (X, v) + N2(X, v=45)-> N2 (X, v-1) + N + N     (1) 

and 

N2 + N2(X v=45) -» N2 + N + N (2) 

The   corresponding   dissociation   rate   for   this 
vibrational mechanism is given by: 

vVdi„=[N]2{845f;  SvP^-' + S«^} (3) 
v = l 

where PA 
|V,V - 1 and P4S4fi denote the relevant V-V 1 45,46       <*"" -'45,46 

and V-T rate coefficients involving the last bound 
vibrational level and the pseudo-level into which 
dissociation is assumed to occur. The dissociation 
by electron impact v6,*». is calculated by: 

VCdi» = lie N2 <6 
diss 
X (4) 

where the quantity in brackets < > is rate 
coefficient for dissociation (the brackets mean the 
average over the electron energy distribution), 8^- 
is the cross section for dissociation by electron 
impact, m is the electron mass, n,, is the electron 
density and u is the electron energy. In what 
concerns the destruction of N atoms, the 
mechanisms considered in this work are: 

(i) three-body gas phase atom reassociation: 

N2+N(4S) +N(4S)-> N2+N2(A
3Z u

+, B'llg, a1 Z „♦)   (5) 

(ii) heterogeneous atom recombination on the wall: 

1 
(6) NCS)->^V2 

(iii) destruction by electron impact: 

e + N(4S) -> e + N(2D, 2P) (7) 

(iv) collision with metastable molecules N2(A
3E u

+) 

N2(A
3E „■*) + N(*S) -> N2(X) + N(2D, 2P) (8) 

The experimental apparatus was already 
described in details elsewhere [4]. Briefly, the gas 
flows in a Pyrex discharge tube of 1.6 cm i.d. at 
gas pressure of 2.0 torr and discharge current of 
80 mA. The Laser Induced Fluorescence (LIF) 
diagnostics are performed by using a tunable 
(10Hz recurrence frequency, 7ns pulse duration) 

m Supported by CNPq and FAPESP (Brazil). 

XXni ICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-233 

pulsed laser, DATACHROM 5000 from Quantel 
The detection of LIF is obtained by imaging the 
interaction region onto the entrance slit of Jobin- 
Yvon HR640 monochromator. In atom LIF 
detection, two laser photons pumped ground state 
N atoms at X,=211 nm with fluorescence at X,=869 
nm. 

The density of N atoms as a function of de 
hydrogen concentration in the mixture is presented 
in figure 1. The concentration of nitrogen atoms 
increase when the gas mixture composition is 
varied N2 - x%H2 (0 < x < 15). The experimental 
results show that the N atoms number densities 
increase until 1%H2 and iecrease for the larger 
concentrations (experimental points are normalized 
to theoretical ones at N2 pure discharge). When 
small %H2 is added to the mixture, the high energy 
tail of the electron energy distribution function 
(EEDF) is enhanced (by the increase of the electric 
field) as compared to that in pure N2 [1,2]. This 
change in the EEDF leads to an augmentation in 
the dissociation rates given by V-V and electron 
impact mechanisms. In the figure 1 the theoretical 
results are represented for three different 
conditions: the results in curve A were obtained for 

N2     
} 

of 1.0 x \0A and a N atom wall reassociation 

probability yr = 3.2 x 10"6. The curve B show that 
an increase in Qa (5.0xl03) results in a lower 
density of atoms. The effect of augmentation in the 
yr value is shown in curve C. 

a metastable normalized density (Qa = 

The depopulation rates of N(4S) atoms are 
presented in figure 2. The results reveal the 
importance of destruction of N(4S) atoms by 
collision with metastable N2(A

3£u+) and by 
electron impact. These loss mechanisms are by far 
more effective than reassociation on the wall and 
by three-body collision. 

We have presented results from a 
combined experimental and modeling study of N2 

dissociation mechanisms in a N2-H2 glow 
discharge positive column. We have shown that 
under the present experimental conditions, the 
value of Qa is important in order to determine the 

N atom density. The influence of yr is less 
effective (see curve C in figure 2), because the 
coefficient for this reaction is two orders of 
magnitude lower than the coefficient for 
destruction by collision with triplet metastable 
state N2(A

3IU
+). 
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%H2. (A): destruction by electron impact, (B): 
destruction by collision with metastable N2 (A

3I„*), 
(C) reassociation at the wall, (D): three body 
reassociation. 

XXffl ICPIG (Toulouse, France ) 17 - 22 July 1997 



IV-234 

On forecasting materials properties 
obtained under ion bombardment conditions 

A.A.Katkalo,  A.I.Lyapin 
The Mogilev Mechanical Engineering Institute 

Lenin str.,70 , Mogilev , 212005 , Belarus 

1. Introduction 

One of the industrial applications of the 
processes taking place in gas discharge is surface 
treatment of materials in the presence of acce - 
lerating potential on the substrate , i.e. at ionic 
bombardment conditions. This is due to the fact 
that the material irradiation by the particles of 
keV energies substantially influences structure , 
electrical, magnetic , optical , mechanical and other 
properties of the materials surface layer. The 
method under consideration for obtaining materials 
with required properties needs a detail study of the 
implanted layer formation process. 
The physical experiment is rather expensive. That 
is why preliminary theoretical calculations 
undoubtedly become actual. At present the 
sufficiently full picture of processes stipulated by 
the irradiation damage of material during it's ion 
implantation is composed. We have created a 
computer model which allows to investigate 
dynamics of structural transformation in an 
implanted layer. This model is based on general 
principles and contains modern theoretical and 
experimental data. In terms of cluster dynamics a 
system of integral-differential equations'describing 
the dynamics of ion-stimulated processes in the 
implanted layer has been obtained. The parameters 
of which the system of equations is composed , are 
connected with the irradiation parameters (energy , 
intensity , temperature , dose) and the 
characteristics of the irradiated material (structure , 
the energy of atom binding and displacement , 
diffusion and sputtering coefficient and other 
parameters). 

2. Results and discussion 

Some calculation results of the probability of the 
occurrence of initial crystal phase I , amorphous 
phase A , intermediate phase S and new (impurity) 
crystal phase N in an implanted layer are given 
below. Calculation results are given for the 
implanted layer depth according Rp - average ion 
projective run in the material, ion energy E = 3 keV 
and irradiation intensity J = 5E+18,nr2. 
It should be noted that initial conditions for the 
calculations are based on reliable experimental 
results. The dependence of I , A , S.', and N on 
irradiation dose D under substrate temperature T = 
300K are shown in Figure 1. 

Figure 1. The probability of the occurrence of I, 
A , S , N as the irradiation dose function for B -> In 
combination. T=300K 

a - 
X   - 

4 - 
A- 

initial crystal phase (I) 
amorphous phase ( A ) 
intermediate phase ( S ) 
new crystal phase (N) 

Figure 1 shows : from the beginning of 
irradiation the cored solid solution arises and 
develops. As diffusive processes are suppressed at 
the present temperature , the amorphous phase 
arises and progresses. During the following dose 
increasing the phase proportion changes to 
amorphous phase. The implanted layer becomes 
completely amorphous from D = 5E+19, nv2. This 
result coincides with experimental data closely 
[1,2]. The fact of precipitates arising under the 
present irradiation conditions is very interesting in 
our opinion. The indicated result does not take place 
in the experiment at present. Possibly it is due to the 
fact that this effect arises in the narrow field of 
irradiation dose values. Figure 2 shows the 
dependence of 1' , A , S and N on irradiation dose D 
under substrate temperature T = 500K. 
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Figure 2. The probability of the occurrence of I, A , 
S and N as the irradiation dose function for 
combination B -> Ni. T = 500K. 

In this case initial crystallinity remains safety up to 
the dose value D = 4E+19 ,nr2. It restorates 
because of diffusive processes. The proportion 
between S , A and N phases changes continuously 
during irradiation process in the dose interval 
D = (0.6 -4)E+19 , nr2. The catastrophically 
destruction of initial crystalhnity takes place from 
the dose value D=4E+19,nr2. 
We can explain our results in the following way. 
Phase composition of the implanted layer is formed 
as a result of the development of the two rival 
processes - the process of atom mixing at the initial 
stage of irradiation (during atom penetration) and 
the process of atom segregation under the effect of 
chemical forces in the stage that follows (for the 
time between atoms hitting).The new phase ( N ) is 
constantly being destroyed during irradiation 
process. Dynamic equilibrium between phases in the 
layer is created arranges depending on irradiation 
conditions and thermo-chemical parameters. 

Besides our calculations show that ion 
bombardment consequences depend on the 
irradiation intensity , substrate heat - conducting 
properties and the presence of temperature gradient 
in the substrate bulk. It is important that the 
structural and phase transformation dynamics in the 
implanted layer is determined by the velocity of 
the temperature increasing. As follows from it , at 
equal intensity , dose and temperature values the 
irradiation result must depend on the substrate size. 
This result differs from    existing data which notes 

that irradiation of thick and thin specimens gives 
identical results. 

3. Conclusion 

Our results do not contradict the experimental 
data. These calculations may be used directly to plan 
the physical experiments. The model under 
consideration allows a ratio between crystal and 
amorphous phases to be calculated in the implanted 
layer under the irradiation conditions chosen or , 
on the other hand , it enables the required for it 
irradiation conditions to be determined using the 
given amorphism of the irradiated material. In 
addition to above mentioned possibility our model 
allows to investigate dynamics of structural 
transformation during nonisothennal implantation 
i.e. when specimen temperature increases in the 
course of irradiation process. 
Finally, it should be noted that no other of model 
(except ours) can give suitable results if dose and 
temperature values change in wide range. 
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Carbonitride hydrogenated deposition using various precursors 

L. Ion, D. Marty-Dessus, B. Held, M. Trinquecoste*, P. Delhaes* 
Laboratoire d'Electronique des Gaz et des Plasmas. IPRA- UPPA. Avenue de l'Universite. 64000 Pau 

* Centre de Recherche Paul Pascal. 33400 Pessac 

1. Introduction 

Theoretical papers [1.2] proposed hypothetical 
existence of a metastable phase with stoichiometric 
formula C3N4. structurally analogous to the /S-Si3N4 

phase. Our previous studies [3] have permitted to get an 
a:C-H(N) film with 14% nitrogen rate in a 01,(0.2)- 
N2(0.4)-Ar(0.4) RF discharge (P = 200 W, p = 1 mbar, 
total flow rate = 51/h). Preliminary studies [4] 
concerning correlations between gaseous phase 
mechanisms and film characteristics suggest that the 
principal precursors of the deposition process seem to 
be the CxHyNz radicals (in particular CH3N). 

2. Experimental set-up 

The experimental set-up used for PECVD method is a 
RF discharge (figure 1) obtained between two external 
electrodes surrounding a Pyrex reactor (a coil 
connected to the generator via a matching network and 
a metallic grounded electrode). 

* Ctnmgeit Le« 

Fig. 1: Experimental set-up 

Light emission has been analysed using a Jobin Yvon 
monochromator with a high resolution and a CCD 
detector equipped with an optical fiber. A VG 
quadrupole gas analyser has permitted to detect stable 
species collected in different reactor regions. A 
substrate with or without external cooling and 
polarisation may be introduced perpendicularly in the 
gaseous flow. 

3. Experimental analysis 

Because of a strong asymmetric character of the 
discharge, the efficiency deposition in a OL;-N2-Ar 
mixture is limited by the methane destruction in the 
coil region and the formation of an a:CH film on the 
reactor walls. 
In order to create a higher concentration of the 
carbonitride species in the gaseous phase, different 
methane  and   nitrogen  partial   pressures   or  other 
precursors  were  used  in   the   same   experimental 
conditions : CH4-NH3   (in the Ar or He presence), 
C6H5N(CH3)2, C5H5N and CH3NH2. 
Principal dissociation and recombination mechanisms 
were analysed by optical emission spectroscopy (OES) 
and mass spectrometry (MS). 
The most part of these diagnostics were associated with 
infrared spectroscopy (IRS) and chemical composition 
analyses of a:C-H(N) films deposited on Si02 or Zr 
substrates (with or without external cooling). 
Oxygen and argon plasmas are created after deposition 
and the emission intensities ratios of the excited species 
obtained by sputtering inform on relative implantation 
rate evolution of C, N and H. 
In  the grounded electrode  region,  the  mean  rate 
deposition is directly estimated by mass measurements 
and in the coil region we have used the decrease of 
some argon lamp lines. 

4. Results and discussions 

4.1. a:C-H(N) deposition in a CH4-N2-Ar mixture 

Changing the argon flow rate, it was remarked that the 
NH implantation rate in the film and the relative 
deposition velocity are favoured for a low partial 
pressure of methane (< 10%). 
On the other hand, the relative intensities ratios JWICH 
(OES) and WICNH (MS) present a strong increase for 
the same experimental conditions. 

4.2. a:C-H(N) deposition using other precursors 

The most interesting properties of a:C-H(N) film using 
the other precursors are obtained in CH3NH2 plasma 
(18% of implantation nitrogen rate in the film) and the 
presence of the CH3N radical in the gaseous phase 
confirms our previous conclusions [4]. 
Several experimental results using different precursors 
are presented in table 1. 
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Experimental 

parameters 

CH3NH2 

CH3NH2(0.2)- 
Ar(0.8) 

P = 200 W 
p = 1 mbar 

Experimental 
Gaseous phase 

analysis 

C6H5N(CH3)2 

C6H5N(CH3)2 

Ar 
P = 200 W 
p = L mbar 

T=Tgaz 

C5H5N 
C,H5N-Ar 

P = 200W 
p = 1 mbar 

C4H5N 

CH4(0.2)-NH3 

(0.4)-Ar(0.4) 
100<P(W)<300. 
0.5<p(mbar)<7 

OES : N:. N:". 
CN.NH.Ar.H. 
CH 
MS: Hv CH4. 
N:. N:H4. HCN. 
hydroc. in C:.C3 

results 
Deposition 

analysis 

OES : N:. N:\ 
CN.NH.CH. H 

MS : H:. CR4. 
N:. N2H,. HCN. 
hvdroc. C .C3 

C4.Cs C6.C; N; 
OES: N:. N;\ 
CN. NH.H. CH 
MS : H:. CH,. 
N;. N;H4. HCN. 
hydroc. in C;.C3 

C;N2.fragments 
containing N in 
C3.C4.  

OES : H^. H.N:. 
NH. 
NH:.Nf.CN 
MS : CH,. 
HCN.H;.N;, 
hydroc C:.C3 

rate : 1.0 
mg/cm:/h 

densit> : 1.71 
C<j 33 No 18" H 0 44 

Oo 04: 
(with cooling) 

rate: 8.43 
mg/cm:/h 

densitv: 1.38 
Co .53 No 04 H 0 43 

( P = 300 W ) 

rate:33 mg/cnr7h 
densitv: 1.33 

Co .53N0 06 H 0 40 

Oo 1X16 

density: 1.25 
Co .51 No.08 H 0 43 

 Oo 01  

no deposition 
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Table 1 

The LCH/ICH ratio is also important, in good agreement 
with the nitrogen implantation rate (the same ratio is 
very small with other precursors where the nitrogen 
rate is lower than 5%). 
No e\ident correlation was established between the 
precursor nature and the deposition velocity. 

5. Perspectives 

The experimental set-up will be modified introducing 
the methane in the interelectrode region : systematic 
OES and MS analysis were made for different partial 
pressures in order to verify the correlation between the 
IWIrrc and Wlr-N-H ratios and the nitrogen 
implantation rate. 
The strong hydrogen rate of all these depositions 
(nearly 50%) modifies their expected properties (in 
particular microhardness and thermostability). Recent 
works using cyanuric chloride as precursor have 
permitted to obtain a lower hydrogenated film ( 30%) 
containing 32% nitrogen rate. 
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Reactive species in SiH4-NH3 RF discharge 

L. Ion, D. Marty-Dessus, B. Held 
Laboratoire d'Elcctronique des Gaz et des Plasmas. IPRA- UPPA. Avenue de l'Universite. 64000 Pau 

1. Introduction 

Many studies [1. 2] are devoted to the elaboration of the 
a:Si-H(N) deposition by PECVD using the S1H4-NH3 
mixture. Its optimisation is prevented by the complexity 
of the reaction processes in the gaseous phase and 
different kinetic models are proposed in order to 
establish the precursor species. A previous theoretical 
model [31 suggests that the main responsible of the 
silane dissociation is the NH: radical. Systematic 
analysis of the gaseous phase by OS (optical 
spectroscopy) gives informations concerning the 
reactivity of the nitrogenated species in the SiHrNH3 

plasma. 

2. Experimental set-up 

The reactor used for the capacitive RF discharge (13.56 
MHz) is presented in figure 1 (interelectrode distance 
1.4 cm). 

electrodes 

A' B" 

&r. ^t  

Fig. 1. Experimental set-up 

Mass flow regulators permit to introduce from 2 to 10% 
S1H4 in a low energetic discharge (generally p=l Torr. 
P=5 W). Actinometry analysis are realized introducing 
N; and Ar as impurities. 
A CCD detector (two holografic gratings with 150 and 
1200 grooves/mm) equipped with an UV optical fiber is 
used to made optical measurements in different reactor 
regions (named A. B and C windows). 
A XeCl excimer laser (/.=308 nm) pumps a Dye laser 
using Rhodamine 6G and allows to explore the 560-630 
nm spectral range. 
The temporal signals are detected and explored by a 
Boxcar Integrator 4022. 

3. Experimental analysis 

The main species detected by optical absorption and 
emission spectroscopy in a SiH4-NH3 mixture (p= 
1 Torr. p=5W. 5% SiH,) are presented in table 1. 

Optical 
analyse 

Spieces Transition 

OES 

NH.^B 
A3n(0)^x3z"(0) 

A3n(i)->x3s"(i) 
H.\3 3d-*2p 

"2.B 3p n->2s z 
SiNB A: S+(0)-^X2 E+(0) 
SiHB A2 A+(0)->X2 n+(0) 

OAS SiH2A.B X'A^A'B, 

Table 1 

(A-for window A ; B-for window B) 

In contrast with an ammonia discharge analysed in the 
same experimental conditions, no NH2 emission band 
was detected and the nitrogen emission bands are very 
low. 
On the other hand, preliminary analysis of an ammonia 
discharge [4] allowed to point out by LIF (Laser 
Induced Fluorescence) that the reaction NH2-NH is 
strongly favoured. But no induced fluorescence signal 
corresponding of NH(A) state was remarked in SiHr 
NH3 mixture. 
Emission spectra and actinometry measurements have 
informed us that in presence of silane. the ammonia 
dissociation is not inhibited and the tail of the EEDF is 
not perturbed. 
These results suggest that the ammonia products (NH 
and NH2 radicals) are very reactive in presence of Si,cHy 

or SixHyNz. In order to establish correlations between 
ammonia and silane dissociation products, 
experimental conditions (total and partial pressures, 
electric incident power) were drastically modified. 

4. Results and discussions 

In figure 2 we present the evolution along the reactor of 
the emission intensities corresponding to excited 
species created at p = 1 Torr and P = 5 W. 
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Fig. 2. Emission intensities 

It is interesting to remark that the SiN and SiH radicals 
are detected only in the reactor exit (window B). On the 
other hand, the NH: bands appear only for the low 
SiH» partial pressures (<5%) and SiN radical creation 
is also favoured in the same experimental conditions. 
All experimental results suggest that the SiN radical is 
a dissociation product of the SixHyNz neutral or radical 
species. In good agreement with the theoretical model 
[31, the deposition seems to be favoured for low 
energetic discharge and low S1H4 partial pressure. 

5. Perspectives 

The selective creation of the NH: radical by 
photodissociation will permit to study the SiH»-NH; 
reaction (with and without discharge). The electric 
characteristics will be correlated with the deposition 
rate and the a:SLH(N) film composition. 
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Plasmachemical reactor for precision etching 
of elements with submicron size 

V.N.Pavlenko, V.G.Panchenko, V.V.Ustalov, O.A.Fedorovich 
Institute for Nuclear Research, 

prospect Nauki 47, 252028, Kiev, Ukraine. 

Elements of micron and. 

submicron size are widely used 

now for production of computer 

integral systems, high-frequen- 

cy techniques, TV-communication 

systems. Such elements usually 

are obtained due to precision 

plasmachemical etching in the 

P- and Cl-media. But most of 

plasmachemical reactors (PChR) 

has ion energy greater then 

200-300 eV and receipt of sub- 

micron sizes on them is not po- 

ssible due to small stability 

of resistive protective masks, 

essential overcoating of mate- 

rials, small selection and ani- 

sotropy of etching, considerab- 

le radiation damages. 

We have created PChR with 

the possibility of ion energy 

control from 50 eV up to 500 eV 

and more [1,2 3. In the main 

working regime the ion energy 

is regulated in the range 

50-150 eV. It is shown the et- 

ching velocity of Al films is 

ve-j.^ 0,5 \im /min at the anisot- 
ropy coefficient q > 7 and the 

etching selection relatively 

Si~ 20 and he size of elements 

are nearly 0,3 - 0,5 (im. 

These results are obtai- 

ned due to utilization in PChR 

crossed magnetic and HP elect- 

ric fields. The pressure of 

working gases in the chamber 

is 10" - 10~3mm Hg.col. One of 

the electrodes is cooled tri- 

hedral prism with the size 

110 x 340 mm. On this prism 

specimens are situated and HP 

voltage with the frequency 

13,56 MHz is applied. The se- 

cond electrode is cooled cyli- 

ndrical case of the plant. 

Mass-spectrometric and 

spectroscopic investigations 

of the plasma show that the mo 

lecule dissociation is very 

effective, - SPg dissociates 

up to S and CC1. up to atomic 

C (during this process all in- 

termediate molecules are obse- 

rved: SP5, SP4, SP,, SP2, SF ; 

cci3, cci2, CC1). 

We have the possibility 

to obtain sufficiently large 

fet due to high efficiency of 

the molecules dissociation and 

atoms ionization. The low ions 

energy allows to obtain a good 
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selection  respectively   the 

resistive masks and substrates, 

high anisotropy q > 7, and to 

avoid of radiation damages and 

to exclude the interlayer hafp. 

To summarize,it is created 

the technology of etching of 

films from  Al, Au, W, Mo, Ti 

and others with the elements of 

submicron size (the size of the 

superhigh frequency tranzistor 

is ~ 0,3 Urn with the depth up 

to 0,6 um) [2,33. Silicon pil- 

lars with the diameter  0,1 mm 

and the height up to 0,5 Urn are 

obtained.  The velocity of the 

silicon etching is 0,6 um /min 

for the anisotropic case and 

1 um/min for the isotropic case, 

when 9 plates are loaded  (the 

diameter of each  plate  is 

100 mm). 
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11, bd. Copou, RO-6600, Iasi, Romania 

Introduction 
In order to develop plasma techniques on an 

industrial scale, the surface modifications should be 
stable with time. 

The exposure of polymer surfaces to ionic and 
metastable species of inert gases was shown to lead to 
the formation of a cross-linked layer with high cohesive 
strength, which isolates the bulk of the material. The 
layer formed by cross-linking renders the surface 
characteristics, obtained by introduction of functional 
groups, stable against ageing and would be indicated 
for further applications. 

Actually, the obtention of treated materials for 
biomedical applications is of great interest. For this 
purpose the plasma technique is a versatile means to 
improve the blood compatibility of a polymer, by 
modifying the surface properties without affecting the 
bulk properties. 

Blood compatibility means that a foreign surface 
in contact with blood should not induce adverse 
responses. An adequate value for the interfacial tension 
of blood-biomaterial can be established by taking into 
account the high compatibility degree and the 
interfacial stability of cellular elements with blood- 
plasma. The medium-cell interfacial tension is ysl = 1 - 
3 mN/m. Thus it seems reasonable to consider that a 
good compatibility with a foreign surface and a 
mechanical stability of this interface can be insured 
when the interfacial tension of blood-biomaterial is in 
this range [1]. 

Poly(ethylene terephtalate (PET) has several 
desirable properties for blood contact applications, like 
good mechanical strength, chemical inertness to blood 
components and nontoxicity. In order to improve the 
blood compatibility of this material, any technique that 
increase the polar component of the surface energy, 
without affecting the material physico-mechanicai 
characteristics, is of interest. The surface 
functionalization must also be stable in time, to prevent 
the ageing effect, which limits the practical uses of the 
treated polymer surfaces. 

Experimental 
The effect of a He-Q, mixture on PET 25 u films 

was performed using a corona-like discharge. 
The experimental set-up consists mainly of an 

electric generator which supplies high tension pulses. A 
plasma beam is produced by ionization of the gas which 
is flowing in a glass tub at rather high pressure. The 
plasma beam thus formed, about 2 mm in diameter and 
2 - 3 cm in length, allows for local surface treatment. 

The discharge is a negative corona type. 
The treatment conditions were: gas pressure 

about 105 Pa, gas flow rates 96, 144 and 180 seem. 
Treatment times were 5 s and 30 s. 

Different diagnostics allowed for plasma 
properties characterization and their correlation with 
the energetic and functional surface characteristics. 
Emission spectroscopy was used in order to 
characterize the plasma properties. Resulting 
modifications were analyzed via contact angle 
measurements and XPS technique. 

Results and discussions 
An evaluation of the electronic density in our 

discharge, by taking into account the current that flows 
in the discharge and the electric field, gives a mean 
value of about 109 cm"3, while the peak value (during 
the pulse) is of about 1010 cm"3. 

The spectroscopic study of the discharge allowed 
us to identify the excited species in the discharge. 
Among these species, excited oxygen is particularly 
important, being an extremely reactive component at 
the polymeric surface. 

The 468.5 nm emission line of ionized He was 
detected in the discharge. The observed species has an 
excitation energy of 50.2 eV. This fact indicates that 
very energetic electrons are present in our discharge, 
because even a two step ionization process necessitates 
high energies, which are not available in ordinary 
discharges used for materials processing (glow or RF), 
especially in presence of impurities. The ionic He 
species represents, beside the metastable ones, an 
important agent of cross-linking of the polymeric 
surface, due its high energy available for direct transfer. 

An estimation of the electron energy available in 
the discharge was done following the ratio of the ion to 
atom lines intensities. A decrease in this energy with 
increasing gas flow rate is shown by the experimental 
data (Figure 1). This behaviour suggests a decrease in 
the electric field at higher gas flow rates. It might also 
be due to the shift of the high energies EEDF tail to 
lower energies in presence of increased amounts of 
oxygen which attach electrons with high efficiency. 

This type of discharge induces important surface 
modifications. 

The surface functionalization is emphasized by 
the decrease of the measured contact angle of water on 
treated samples as compared with the untreated 
substrate. Values obtained as a result of He-02 

discharge treatment show an appreciable increasing in 
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the polar component of the energy 7/ and the 
interfacial work of adhesion, even for short treatment 
times (t = 5 s). 
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formes on a reinforced cross-linked layer. Formation of 
such a layer occurs even for treatment times of the 
order of a few seconds. 
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Figure 1. Ion to atom lines emission intensities ratio 
vs. gas flow rate. 

The surface treatment of PET reduces the 
dispersive component of the surface energy ys

d as 
compared with untreated PET. 

With increasing gas flow rate a saturation for 
the values of the surface energy arises, these are no 
longer depending on the treatment time. 
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Figure 2. Water contact angle for treated PET 
(the value for untreated PET : 80°). 

The evolution of the surface properties with the 
ageing time was studied by contact angle measurements 
made up to 10 days after the treatment. A good stability 
for ys

p is obtained for both short (t = 5s) and long (t = 
30s) treatment times. Measurements showed practically 
no ageing with time (Figure 3). However, better 
stability is obtained for longer treatment times, and also 
for lower gas flow rates. 

The surface analysis by XPS stood out the 
surface functionalization by introduction of oxigenated 
groups. The oxygen content of the treated PET surface 
is about 2 times larger than that of the untreated 
sample. Longer treatments times seem to allow for 
"saturation" of all reactive sites on the surface by 
reactions with oxygen species. 

The two competitive processes which are taking 
place on the PET surface are cross-linking under the 
action of the inert gas and chain breaking and surface 
oxygenation under the action of the oxygen species. 
The stability of the treated surface suggests that in our 
treatment conditions the oxidized polymeric structure 

Figure 3. Polar component of the surface energy as 
function of the ageing time (Q = 144 seem, t = 30 s). 

Preliminary studies on the improvement of the 
He-O? treated PET compatibility with blood were 
realized by contact angle measurements. 

An evaluation of the surface energy data leads 
to the conclusion that the He-C>2 treatment of PET 
materials can modify the surface energy components so 
that the interfacial tension PET film - blood is in the 
zone of biocompatibility (1 - 3 mN/ra) (Figure 4). 
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Figure 4. Surface energy components and interfacial 
tension for treated PET (t = 30 s). 

This aspect, correlated with the very good 
surface stability, makes this type of treatment useful for 
practical applications. 

The authors would like to acknowledge the Laboratory of 
Plasma Processing, Paris VI for support in recording the XPS 
spectra. 
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MICROWAVE H2 - CH4 - N2 PLASMA FOR DIAMOND DEPOSITION 
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Microwave plasma assisted chemical vapour 
deposition is widely used for the growth of diamond 
films. Among the parameters that can affect the process 
the total gas pressure is an important one. It is known 
that at high pressure the discharge is a small plasma 
ball situated just above the substrate holder, without 
contact with the wall of the reactor and the carbon film 
is made of diamond [1]. At low pressure the discharge 
take up a larger volume, limited by the wall of the 
reactor (quartz tube) and the deposited film is made of 
graphite. We will point out, using dynamic 
actinometry, that the plasma chemistry in the gas phase 
as well as in the plasmas-film system is also modified 
by the pressure change. 

The experimental device has been described 
elsewhere [2] and for each experiment a diamond film of 
standard quality is present on the substrate holder in 
the microwave discharge. The gas mixtures sustaining 
the discharge are : 98.6%H2 - 0.4%CH4 - 1%N2 at 1.5 
torr and 98%H2 - 1%CH4 - 1%N2 at 60 torrs. The 
dynamic actinometry [3] consists in the study of the 
evolution with time of the relative concentration of 
some species after one of the gas lines feeding the 
reactor (CH4 or N:) has been cut off. The evolution of 
[H], [CH] and [CN] are shown respectively on figures 
1, 2 and 3 at 1.5 torr and on figures 4, 5 and 6 at 60 
torrs. 

At low pressure the cut off of nitrogen in the gas 
mixture induces a decrease of the concentration of 
atomic hydrogen (fig la). We can speculate that 
vibrational excited states of nitrogen, as they have a 
sufficiently high energy, can promote the dissociation 
of the hydrogen molecule. After methane cut off [H] 
increases sharply and after 1 minute remains constant 
with a value 40% higher than its initial value. We have 
already observed [4], that at low pressure the 
introduction of methane in the discharge induces a 
sharp decrease in the electronic density. The 
elimination of methane from the discharge can thus be 
responsible of an increase of the density of electrons 
and, as electronic collisions is the main process for 
atomic hydrogen production, of an increase of [H]. 

At high pressure (fig 4) the evolution of [H] is 
different. The atomic hydrogen concentration increases 
(15%) after nitrogen cut off and decreases after methane 
cut off. In this case the effect of the gas mixture changes 
on the electronic density is not so drastic and chemical 
effects are more important than direct electron collisions 
in the process. 

The relative concentration of the CH radical after cut 
off of nitrogen increase sharply and then stays constant 
(fig 2a and 5a). The atomic nitrogen reacts with 
carbonated species such as CH in order to produce CN, 
which is more strongly bound. Introducing nitrogen in 
the discharge results in a decrease of the relative 
concentration of carbon deposition precursors. After the 

cut off of methane, [CH] decreases sharply but, 
depending on the pressure, it vanishes (fig. 5b) at high 
pressure, but stays constant at 40% of its initial value 
at low pressure (fig 2b). Even if no gaseous carbon 
source is present in the reactor, CH can be produced by 
interaction of H with carbon films. At high pressure the 
plasma is close to the diamond film and far from the 
walls, as H is not an etchant of diamond the production 
of CH vanishes. At low pressure the plasma can 
interact with the walls of the reactor where non 
diamond carbon is unvoluntary deposited, which is 
etched by H to produce CH. 

After the cut off of nitrogen, the relative concentration 
of CN decreases sharply and vanishes (Fig. 3a and 6a). 
This result shows that N or CN are not present on the 
carbon film : adsorption or incorporation of nitrogen in 
the film is thus not detectable. 

After the cut off of methane, [CN] decreases sharply 
and then remains constant. Thus CN results both of 
interactions of nitrogen with carbonated species in the 
gas phase and of the etching of the carbon films by 
nitrogen. Contrary to hydrogen, nitrogen can etch both 
diamond and non diamond phases. 

In order to prove our assumptions concerning the 
production of carbonated species without methane in 
the discharge by plasma-surface interactions, we have 
carried out an experiment at 60 torrs, after the cut-off of 
methane, and after removing the substrate holder out of 
the discharge (Fig 6c). In this case neither gaseous nor 
solid sources of carbon are present in the device. In this 
case the CN concentration decreases sharply during two 
minutes, corresponding to the- elimination of the 
methane, the decrease is slow during 10 minutes 
corresponding to the elimination of solid carbon 
pollution in the reactor and then vanishes. 

The dynamic actinometry is complementary to other 
diagnostics methods and allows us to point out the 
participation of plasma surface interactions in the 
production of some species, leading to a better 
knowledge of the global process of diamond 
deposition. 
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1. Introduction 

The need for rapid and large area wafer processing in 
the semiconductor industry has increased the interest in 
high density plasma sources and particularly in the 
inductively coupled plasma (ICP) reactors. To fully 
exploit the possibilities in these reactors, of 
independent control of plasma generation and wafer 
biasing, we need to understand how ions are formed 
and how they gain energy before impinging on the 
wafer surface. 

In this work, we used the Doppler-Shifted-Laser- 
Induced-Fluorescence (DSLIF) technique to study the 
spatial evolution of the velocity distribution function 
{ydj) of the Ar+*(2G9/2) metastable ions in an ICP device 
[1,2]. Both vdf parallel, ßyii), and perpendicular, ßyx), 
to the top glass plate have been determined. Space 
resolved emission spectroscopy is used to understand 
the excitation mechanisms of the excited states of argon 
ion. The space dependent electron density and 
temperature have also been obtained with a movable 
Langmuir probe. The experimental results are 
compared with a global model (for n, and Te) and a 
Monte Carlo model (for velocity distribution function). 

2. Experimental set-up 

Figure 1 shows a schematic diagram of the plasma 
reactor. The 3 turn, ^=10 cm, inductive coil is located 
below a 12 mm thick quartz window and is powered at 
13.56 MHz with a 2 kW RF generator through an L- 
type capacitive matching network. The RF power 

dissipated in the plasma is estimated from the removal 
of the power absorbed in matching network/power 
cable [3]. The plasma volume is limited by a <JF= 15 cm, 
/ =3.8 cm Pyrex cylindrical bucket and a top glass 
plate. For the DSLIF measurements we use a 
continuous wave single mode Ar+-pumped dye laser to 
excite the transition in Ar+ (4p' 2F°7/2<- 3d' 2Ge,/2) at 
611.49 nm. The LIF signal, at 460.96 nm, is collected, 
with a combination of lens, </F=\ mm optical fiber, 
monochromator and PMT. The space resolution of the 
observed volume is therefore ±0.5 mm in both axial and 
radial directions. The vdf profile is obtained by tuning 
the laser frequency and recording the LIF signal. 

3. Results and discussion 

Given the 600 K gas temperature, measured from the 
Doppler width of an absorption line of the argon 
metastable atoms, for PAT^5 Pa the mean free path of 
the electrons for inelastic collisions is larger than the 
high of the plasma column. Consequently, the electron 
temperature, Te will be homogeneous within the plasma 
volume. Our probe measurements show that in fact Te 

is constant along the reactor axis. This is also 
confirmed by the space dependence of the emission 
intensity which follows the variation of the electron 
density (Fig. 2). The measured values of Te and n,. are 
in quite good agreement with those calculated by the 
'global model' [3] for our experimental conditions. 
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Fig. 1. Schematic of the ICP reactor. 
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Fig. 2. n, (square) and emission intensity of Ar 750 nm 
line (circle) vs distance from the glass plate. 
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Fig. 3. Velocity distribution function of the Ar+'(2G9/2) 
ions at different distances from the glass plate at 5 (solid 
circle) and 40 (hollow square) mTorr. All profiles are 
normalised to the unity. The five upper pair of curves 
are relative to the velocity component along the reactor 
axis, flyx), and the lowest curve corresponds to the 
component parallel, fly,,), to the glass plate. 

Representative fly±) distributions of argon metastable 
ions are shown in figure 3 for p=5 and 40 mTorr at 
different distances, d, from the top glass plate. Also 
shown is the fly/,) at 5 mTorr and d=12 mm. We 
observe that the fly,/) profile is symmetrical regarding 
the zero velocity and has almost a Gaussian shape, 
which can be expressed in terms of a temperature T„. 
On the contrary, for both pressures, flyx) profiles can 
not be fitted with a Gaussian. The shift to higher 
velocity of flyL) when approaching the glass plate 
results from the acceleration of the ions by the electric 
field of the presheath. Considering the large cross- 
section, o= 1.1 10"14 cm2, for the quenching of 
Ar+*(2G9/2) metastable ions by argon atoms [4], the 
mean free path of these ions will be 12 and 1.5 mm at 5 
and 40 mTorr, respectively. We therefore can conclude 
that, particularly at 40 mTorr, the Ar+*(2G9/2) 
metastable ions we detect by DSLIF are not those 
formed outside the presheath and accelerated within it, 
but are produced by electron impact, a few mm before 
their respective observation points. If the main 
mechanism for population of the Ai*'(2G9n) metastable 
state was direct ionisation of the neutral atoms we 
should observe a large zero velocity component in all 
vdfs and particularly those recorded close to the glass 
plate. It is obvious that in our high electron density 
conditions, the Ar+"(2G9/7) level is mainly populated by 
electron impact excitation of ground state argon ions. 
These ions have already gained kinetic energy by being 

p=5mTorr   gAa* 
AÖÖÖ°°(t 
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20 

Fig. 4. Normalised emission intensity of Ar, 750 nm 
(circle), and Ar+ , 461 nm (square) lines, vs the 
distance from the glass plate, (triangle) square root of 
the 461 nm line intensity. 

accelerated by the ambipolar E-field of the presheath 
and their velocity is totally conserved during electron 
impact excitation of the ion. 

The fact that the excited states of argon ion are formed 
from the ground state Ar+ ions is confirmed from the 
space dependence of the emission intensity of the 461 
nm ionic line (Fig. 4). As pointed out before, the 
emission profile of the 750 nm atomic line corresponds 
exactly to the profile of the electron density along the 
reactor axis. Fig. 4. shows that in fact, the intensity of 
the 461 nm ionic line evolves proportional to the square 
of the electron density. 

A 3D Monte Carlo model is developed to investigate 
the relation between the vdf of the ground state and 
metastable ions. The axial (z) dependent vdf of the 
ground state ions is calculated by assuming known PAT, 
n^z), Te, Ar+-Ar charge exchange and elastic cross- 
sections and electric field, E(z), deduced from n,(z) by 
using the relation E(z)= 3 [kT. log(n«)]/5z . Using this 
vdf, we can deduce the vdf of the metastable ions by 
applying the same technique to the metastable ions. 
These ions are assumed to be created by excitation from 
ground state ions and are quenched by collision with 
neutrals and electrons [4]. A satisfactory agreement is 
observed between the simulated and measured velocity 
distribution functions of the Ar+"(2G9/2) ions. 
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Intensive investigations of 

stationary electric discharges 

with homogeneously evaporated 

anode are carried out now.These 

investigations are of interest 

due to possibility for utiliza- 

tion such type of discharge for 

vacuum deposition of high-adhe- 

sive thin films on various (me- 

tallic, semicondactor and die- 

lectric) substrates. 

Unlike the vacuum arc, the 

non-self-maintained arc discha- 

rge in the anode vapour may be 

realized when the diffusion cu- 

rrent of discharge takes place 

on the anode. It allows to cre- 

ate dropless high-adhesive pla- 

sma flows of metallic vapour in 

vacuum and different gas envi- 

ronment [1-3]. 

In our experiments the dis- 

charge has lighted up between 

the thermionic cathode and wa- 

ter-cooled anode.Al,Cu,Ni,Cr,Ti, 

Ta,Mo,B,C,W are imbedded on the 

anode as a working substance. 

Using the cylindrical electrode 

and electromagnetic system we 

have the possibility' for crea- 

tion the transverse  electric 

and magnetic fields. The dis- 

charge current Ip= (2-MQ) A, 

the magnetic field induction 

B ^ 400 X10"4 T. Our experi- 

ments show that for the case 

when the current of thermoe- 

lectronic emission from the 

cathode I exceeds the disc- 

harge current 1^, the current 

-voltage characteristics of 

the discharge may be presen- 

ted in the form: 

VWP/]CZ) <1> 
where W^ is the discharge po- 

wer, and Up is the voltage of 

discharge. Thermoemission 

characteristics of cathode 

essentially influence on the 

discharge shape at I < 1^ , 

and lead to the appearence of 

minimum and maximum on the 

curve UD(Ip). 

In the regime of free 

burning (I > 1^) the film de- 

position rate q has linear 

dependence on the discharged 

current I^, i.e. q ™ 1^. 
In the regime of induced 

burning (Ip< 1^) we obtained 

that q= A Wp , where A is the 

constant. For example, using 
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Cu as a working substance we 

have q ^ 45 * 10~10 m/s at 

Wp< 300 W. Data presented indi- 

cate that the plasma flow at 

q ^ 40 " 10~10 m/s becomes 

charge-compensated and negative 

sound potential is equil 

60 + 100 V. The external magne- 

tic field leads to decreasing 

of the discharge burning volta- 

ge and to increasing plasma- 

flow ionization coefficient 

even at the zero potential of 

the cylindrical electrode. The 

ion current dependence on the 

induction of the magnetic field 

has the form of the fluent 

curve with a maximum at 

B < 100 * 10~4 T. Note that for 

the case B>100 * 10~4 T the ion 

current decreases with the 

growth of B, i.e. I{~ 1/B. It 
is shown that plasma-flow ioni- 

zation coefficient a may reach 

the value up to 80%. Thus the 

data presented in this paper 

( high ionization coefficient, 

charge-compensated plasma flow) 

demonstrate the perspective of 

wide practical utilization of 

such type of discharge for 

creation of thin high-adhesi- 

ve films. 
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1. Introduction 

The depletion of the ozone layer, protecting the Earth 
against the harmful UV radiation, by VOC (volantile 
organic compounds) is a very actual problem. 
Particularly important in this process are 
chlorofluorocarbons which destroy ozone very 
effectively. An efficient catalytic reaction of freon 
CC12F2 (CFC12), one of the chlorofluorocarbons,, is 
initiated in the lower stratosphere by photons with 
ozone. Similar processes, but initiated by electrons, 
have been observed in gas discharges [1], [2], [3]. As 
we have shown earlier, the concentration of ozone 
produced by a negative corona discharge [4] is very 
sensitive to the presence of freon CFC12 molecules in 
oxygen [5]. The generation of ozone was substantially 
suppressed whenever the concentration of CFC12 in the 
oxygen was above 1%. The present paper studies the 
properties of the negative corona discharge in air + 
CFC12 mixtures at pressures slightly below 1 bar. 

2. Experimental apparatus 

A system of coaxial cylindrical electrodes ( r0 = 0.05 
mm, R = 7.5 mm, L = 40 mm ) was placed in a glass 
discharge tube ended by quartz windows. A UV light 
beam passing along the axis of the discharge gap 
allows us to measure the time dependence of the ozone 
concentration in the discharge tube. The time 
dependence of the ozone concentration as well as the 
corresponding current values at constant voltage on the 
electrodes have been recorded by on line PC system. 
The experiments have been carried out in the air + 
CFC12 mixtures at two values of gas pressure 800 and 
900 mbar respectively. The concentrations of freon in 
the mixtures were changed over the range (0.1 - 2.0) by 
volume % at room temperatures. 

3. Experimental results 

The experiments have shown that the corona onset 
potential was influenced only by the pressure of the 
gaseous mixture. The content of the freon in air had a 
conspicuous influence both on the time dependence of 
ozone concentration as well as on the time dependence 
of mean   corona   discharge  current.   As   we   have 

mentioned earlier [6], the so called relaxing of negative 
corona current [7], observed in ambient air, is caused 
by the ozone generated by the discharge itself. Very 
effective attachment of free electrons by ozone 
molecules [8] is the reason for the observed decrease of 
the mean discharge current at increasing ozone density. 
The relation between ozone density and the mean 
discharge current in the clean air is evident from the 
comparison of the Fig. la and lb or Fig. 2a and 2b. 
Moreover, the effect of addition of freon is remarkable 
from the mentioned dependencies. It must be noted that 
the pressure of the gaseous mixture has a significant 
influence on the effect of reduction of the ozone 
concentration at increasing freon density in the 
mixture. 

4. Discussion 

The dominate reaction in the formation of ozone is the 
three body reaction 

O + Q + M-tQ + M (1) 

The oxygen atoms are mostly (more than 90%) 
generated via the direct dissociation of molecular 
oxygen by electron impact 

e + Oj -» O + O+e (2) 

The rest of them is produced via the dissociative 
attachment of electrons by oxygen molecules 

e + O, -> 0~ + O (3) 

After the addition of freon CFC12 into the clean air the 
similar reactions of electrons with CFC12 molecules 
can occur 

e + CCliFi -> CCIF2 +Cl + e 

e + CCljFz -> CCIF2 + C/" 
(4) 

(5) 

Both the atomic and ionic form of chlorine are active in 
reduction of ozone concentration. Chlorine atoms 
undergo predominantly the two step process 
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a+Oj^ao+Oz (6) 
ao+o^a+Q (7) 

which can be repeated many times. The negative 
chlorine ions lose the electrons in a very fast 
detachment process [3] 

cr + o^ao+e (8) 

The chlorine oxide CIO produced by reactions(7) and 
(8) reduces the density of oxygen atoms needed for 
ozone formation via the reaction (1). As it follows from 
our simple calculation of relative densities of negative 
ions and oxygen atoms on the boundary of the 
ionisation region created by one electron starting from 
the cathode, at 900 mbar and concentration of freon 1% 
these two are comparable. We suppose that presence of 
the freon molecules in air can reduce the ozone 
production via the reaction (1). The densities have been 
calculated by the use of data for electron attachment 
reaction (5) given by [9] and [10].At lower pressure of 
the mixture the rate of production of ozone by (1) is 
reduced because of three body character of reaction. 
Thus the effect of freon on the ozone formation can be 
observed at lower densities of freon. This is in 
accordance with the results shown in Fig. lb. 
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1. Introduction 

Many recent works have shown the great 
interest of supported metal aggregates in 
heterogeneous catalysis. These metal objects can 
exhibit higher activity than the bulk metal, as for 
example, in the case of butadiene hydrogenation 
catalyzed by palladium [1,2]. At present, we study the 
synthesis of such catalytic systems by a plasma 
process, which may allow to get rid of many problems 
encountered with methods commonly used as : long 
time duration and organic contamination (liquid phase 
methods), heavy UHV technology (atomic beam 
deposition). Compared to these techniques, the plasma 
process has many advantages : surface preparation 
before deposition by ion bombardment (cleaning or 
nucleation site creation) and catalyst postreatment 
before reaction. Our aim is also to characterize the 
metal aggregates or layer growth mode in plasma 
process in order to compare with the usually observed 
ones. 

In previous work, the ability to synthesize by 
plasma continuous Pd layers or spaced-out aggregates 
with the size required for the catalysis application has 
been demonstrated[3]. First catalytic tests are 
encouraging, because they evidence the good activity 
of the plasma deposits, close to what is found with 
samples realized by atomic beam deposition. In this 
paper we present first results of the characterization of 
the deposition plasma as well as the main features of 
the deposits. 

2. Set up and Plasma characterization 

The set up has been widely describe in 
reference [4]. The chamber is filled with argon gas in 
the pressure range, 1 to 100 mTorr. The inner 
excitation antenna is connected to a HF (100 MHz) 
supply. A helicoidal Pd filament is set in the middle 
and is negatively biased with respect to the plasma 
potential so that the Ar ions produced in the antenna 
are attracted and sputter the metal wire. In deposition 
configuration, the substrate is located several 
centimeters away. 

For plasma study, a Langmuir probe is placed 
instead of the sample holder. The current-voltage 
curves has been recorded at the substrate position at 1 
mTorr and 100 mTorr Ar pressure. The values of 

plasma and floating potentials (Vp and Vf), electron 
density and temperature (N, and Te) are given in Table 
I: they do not depend on the Pd wire bias voltage. 

1 mTorr 100 mTorr 
Vf(V) 60 90 
V„(V) 80 100 
kT.(eV) 3-4 2 
N.IO* 
(atcm3) 

6 3 

Table I: current plasma parameters of the discharge 

It is observed that during the deposition 
process, the substrate is submitted to a high argon ion 
flux. Because the substrate is at the floating potential, 
the ion energy is low : 10 to 20 eV. Nevertheless, this 
flux may influence the growth regime. From Table I, it 
also appears that the plasma is less dense and hot at 
the substrate position along the experiment main axis, 
at high pressure. This is related to the ionizalion 
process that depends on the gas pressure as shown in 
Fig.l, where the Ar+ density obtained from the ionic 
saturation current (Nsat) is presented versus the axial 
position. 

Fig. 1: Ion density in the plasma chamber. 

For these measurements the Pd wire has been removed 
from the chamber. At low pressures (lmTorr), the 
electron mean free path is large and then the 
ionization occur in a large volume. Conversely, at 100 
mTorr a lot of collisions take place, and the ionization 
is confined in the antenna, only few Ar ions can to 
diffuse in the chamber. 
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Fig. 2 : "Effects of the biased(-350 V) helicoidal Pd 
wire on the ion density. 

In Fig.2, the Ar+ concentration variation with 
the position is given, the Pd wire being placed in the 
chamber and biased to -3S0V. Its influence on the Ar* 
concentration is well seen, and only deals with the 
filament close surroundings, i.e. does not reach the 
substrate position. The sharp decrease of NAr+, at the 
wire sides is due to its attractive effect and exists at 
both pressures. However, a peak is visible at the wire 
center at 100 mTorr that does not exist at 1 mTorr. 
This is due to the presence of a secondary dc discharge 
(observable luminous area) inside the filament at high 
pressure and filament bias voltage. This auxiliary dc 
plasma has been evidenced in a previous work, its 
creation is expected to follow a shifted Paschen 
law[4]. From emission spectroscopy, in a zone close 
to the wire, this discharge has clearly been evidenced. 
Indeed, above 50 mTorr and -200 V, the Pd line 
emission abruptly increases whereas the Ar line 
intensity remains constant. Regarding to the Pd and 
Ar excitation energies (Ew=4.4 eV, Et^UAlzV), this 
phenomenon may be due to a rise of the excitation 
level (electron density increase) inside the Pd wire 
when the secondary discharge occurs, and/or to an 
enhancement of the Pd sputtering process not only 
related to the Pd wire voltage but also to the large Ar+ 

number detected in the wire center. The sputtering 
efficiency determines the deposition rate, which can be 
evaluated from the deposit analysis. 

shape and diameter from 20 to 1000 A depending on 
the experimental conditions : Ar pressure, Pd wire bias 
and deposition time. Owing to the Pd quantity, these 
aggregates are jointed or spaced-out, which are the 
requested morphologies for catalysis applications. 

A first study of the growth mode has been 
carried out by TEM. Samples synthesized with 
increasing deposition times indicate a first step of 
nucleation and cluster size increase followed by 
coalescence. From RBS (Rutherford Bachscattering 
Spectroscopy) analysis results the deposition rates 
have been found to range from 0.5 to 60 layers/mn. 

It is interesting to note that the samples 
synthesized in experimental conditions leading to the 
creation of the auxiliary plasma exhibit quite large 
deposition rates. Moreover, in these samples, the 
coalescence stage begins very early in times. Both 
trends confirm the hypothesis of an enhancement of 
the Pd sputtering process when the secondary 
discharge is created inside the Pd wire. Further work 
is under way to precisely characterize this discharge 
and to closely study the deposit features depending of 
the Ar pressure and the Pd filament bias voltage. 

[1]  J.C.  Bertolini, P.  Delichere, B.C.  Khanra,  J. 
Massardier, C. Noupa and B. Tardy, Catalysis Letters, 
2 (1990) 215 
[2] P. Hermann, B. Tardy, D. Simon, J.M. Guigner, 
B.Bigot and J.C. Bertolini, Surface Science, 307-309 
(1994) 422 
[[3] A.L. Thomann, P. Brault, C. Laure, B. Rousseau 
and H. Estrade-Szwarckopf, C. Andreazza-Vignolle, 
P.   Andreazza   and   A.   Naudon,   Accepted   for 
publication in Surface and Coatings Technology. 
[4] C. Laure, P. Brault, A.L. Thomann, R Boswell, B. 
Rousseau and H. Estrade-Szwarckopf, Plasma Sources 
Science and Technology, 5 (1996) 510 

3. Deposit analyses 

Number of analyses have performed on the 
deposits in order to determine their main features such 
as : chemical purity, cristallinity, morphology and Pd 
amount. From XPS (Xray Photoelectron Spectroscopy) 
analysis, metallic Pd (Pd-Pd bound) has been detected 
but no oxide or oxygen contamination have been 
evidenced, which is of great importance for catalysis 
application. GIXD (Grazing Incidence Xray 
Diffraction) experiments show that the deposits are 
polycrystalline with no preferential orientation. STM 
(Scanning Tunneling Microscopy) and TEM 
(Transmission Electron Microscopy) observations 
evidence the presence of Pd aggregates with spherical 
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1. Introduction 

This work has been carried out in connection with the 
possibilities to deposit carbon nitride materials by 
Expansion Thermal Plasma Assisted Chemical Vapour 
Deposition (ETP-A-CVD). With the same technique 
high deposition rates and good quality a-Si:H and a- 
C:H materials have been obtained [1]. A study of the 
intensity of atomic lines and molecular bands in a 
Ar/N2 and Ar/N2/C2H2 expanding thermal plasma has 
been performed. In the case of the Ar/N2/C2H2 mixture 
rotational and vibrational temperatures were obtained 
by comparing computer simulated spectra of the 
CN( B2E-X2E, Av=0) spectral system bands with the 
experimental spectra. Details on this computer 
procedure are given in [2].' The CN ground state 
density is determined by taking into account the self- 
absorption of the CN bands. 

2. Experimental 

The experimental set-up has been described in detail 
elsewhere [1]. It consists mainly of an arc plasma 
generated in a flowing gas between three cathodes and 
a nozzle and stabilised at wall by a cascade of cooled 
plates. The power injected in the arc can be varied in 
the range 0.6-5 kW. Gas fluxes up to a few hundred of 
sees can be handled in the arc channel. The plasma 
expands in a vacuumed vessel (diameter 0.4 m, length 
1.2 m). Additional gases can be added to the plasma 
directly in the main flow before the discharge, or in the 
middle arc channel, or injected some centimetres 
downstream the nozzle.The spectra have been recorded 
in the spectral range 350-650 nm by a spectral system 
consisting of a photomultiplier (Hamamatsu R 268) and 
a monochromator (Jobin Yvon THR 1000) working in 
the photon counting mode. 

The conditions under which the experiments have been 
performed are: arc current 75 A, arc pressure 0.3-0.5 
bar, background pressure 0.25 mbar, with two mixtures 
of gases: 
a) Ar/ N2 at fluxes of 95/5 sees with addition of N2 in 
the main flow. 

b) Ar/N2/C2H2 at fluxes 95/5/2 sees, with nitrogen 
added in the main flow and C2H2 added in expansion 
through an injection ring. 

The spectra have been recorded in expansion at two 
positions along the flowing axis: 
1) In the mixing zone, at 7 cm from the arc nozzle, 2 
centimetres downstream the injection point, 
2) In the deposition zone at 62 centimetres from the arc 
nozzle. 

3. Results 

3.1 Ar/N2 plasma 

a) The addition of nitrogen in the main gas flow 
produces a strong quenching of the plasma emission as 
comparing to the pure argon plasma. The spectra 
recorded near the nozzle (Fig la) are dominated by 
Ar neutral lines. The molecular nitrogen emission is 
present as well, the N2

+ FNS spectral system and N2 

SPS spectral system bands having almost the same 
magnitude; however their intensity is only a few 
percent of the intensity of Ar lines. 

b) For the same plasma settings, the spectrum recorded 
in the deposition region (Fig. lb) is dominated by the 
molecular bands of the ionic molecular nitrogen (FNS); 
the SPS bands of N2 are still present but in much lower 
measure. The Ar lines are hardly observed. 

3.2 Ar/N2/C2H2 plasma 

a) In this case for the spectra recorded in the mixing 
zone the bands spectrum is much stronger than the line 
spectrum (Fig 2a). The CH(A2A-X2n) and CH(B2A- 
X2n, Av=0 with maximum at 413.0 and 388.6 nm) 
bands and CN(B2S-X2Z, Av=0 with maximum at 388.3 
nm) bands are the most intense. There is also evidence 
for the radiation of C2(A-X, Av=2, transitions (2,0) at 
438.2 nm, (3,1) at 437.1 nm and (4,2) at 436.5 nm ) 
Swan system which appear in this spectral region 
superposed over the CH(A-X) bands. The nitrogen SPS 
and FNS bands have disappeared from the spectrum. 
The  obtained  values  of rotational   and  vibrational 
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temperatures and of the CN ground state density have 
been: Trot=(5690 +/- 200) K , Tvib=(9200 +/- 400) K, 
[CN(X)]=(1.7+/-0.1)xl019m'\ 
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Fig. 1.    a) The spectrum of ArfN2 plasma recorded at 
7 cm downstream the arc nozzle 
b) The spectrum ofAr/N2 plasma recorded at 
62 cm downstream the nozzle 
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2. a) The spectrum ofAr/N2/C2H2 plasma 
recorded at 7 cm downstream the arc nozzle 
b)The spectrum of Ar/N2/C2H2 plasma 
recorded at 62 cm from the nozzle 

b) In the deposition zone the spectrum (Fig. 2b) 
contains only molecular bands. The main characteristic 
is that the CN bands are dominating over CH bands 
which are very weak. The FNS bands are not present 
anymore. The obtained values of rotational and 
vibrational temperatures and of the CN ground state 
density have been: (Trot=6710 +/- 200) K ,Tv,br=(6780 +/- 
200) K, [CN(X)]= (4.8 +/- 0.2)xl018 m"3. 

4. Discussion 

The observation of the atomic lines dissapearing after 
injection of C2H2 into Ar/N2 plasma and the molecular 
bands being very strong indicates that the energy is 
transferred from the atomic excited species and ions to 
the molecules. The general behaviour that along the 
plasma flow axis the lines are disappearing faster than 
the bands is showing that this process of transfer of 
energy is also active out of the mixing zone. An 
explanation of this behaviour could be related to the 
process of charge transfer to molecular species followed 
in the case of the Ar/N2/C2H2 mixture by a dissociation 
of the molecule and formation of CH and CN radicals. 

A very interesting feature is the behaviour of CN and 
CH bands along the plasma flow. The spectra show that 
in the mixing zone both radicals are produced and 
excited and that only the CN radical survive in the late 
expansion. This could be related to a higher rate of 
deposition of the CH radical at the walls or to a higher 
diffusion of this radical away from the expansion axis 
towards the walls. 
The lower value of the rotational temperature in the 
mixing zone compared to the deposition zone could 
be related to the plasma cooling due to the C2H2 

injection. Along the plasma flow a tendency to 
equilibration of rotational and vibrational temperatures 
is noted. However these temperature values are 
unexpectedly high showing the non-equilibrium 
character of this plasma . The values of roto-vibrational 
temperatures in a Ar/N2/C2H2 plasma are about twice of 
those obtained in a Ar/C2H2 plasma [2]. The 
disappearance of emission of FNS bands indicates the 
importance of the ionic molecular nitrogen in the 
energy transfer and excitation. 

5. Conclusions 

In Ar/N2 and Ar/N2/C2H2 expanding thermal plasmas 
the transfer of energy is from the atomic species 
towards the molecular species both in the mixing zone 
and along the expansion. The CN radical is produced 
in large quantities in the Ar/N2/C2H2 expanding 
thermal plasma. Due to the importance of CN radical in 
the carbon-nitride deposition it results that Expansion 
Thermal Plasma Assisted Chemical Vapour Deposition 
technique is appropriate for this purpose. 
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Plasma processing for solar cell fabrication 
is moving towards achieving higher deposition 
rates. Recently, a new deposition method that sat- 
isfies this goal was developed [1]. In it thin films 
were deposited from low density jet excited by an 
electron beam (Fig. 1). This deposition method is 
currently investigating using statistical techniques. 

v 

7^ w w 
^m^mämmm3m^ 

Fig.l A schematic sketch of film deposition 
from low-densityjet excited by an electron beam. Po 
and To is total gas pressure and temperature within 
gas source, d is nozzle diameter, 1 - gas source, 2 - 
substrate, 3 - film, 4 - lateral shock wavö, 5 - the 
boundary of the jet, 6 - electron beam. 

To address conditions of thin film deposi- 
tion from low density jet excited by an electron 
beam a hybrid model was developed. The model 
combines a Monte Carlo  code for interaction of 
an electron beam with nonuniform gas flow [2] with 
direct simulation Monte Carlo (DSMC) techniques 
for the transport of molecules and gas surface 
interaction [3]. Chemical reactions in gas flow 
were not considered. This approach was justified 
by experimentally obtained linear dependencies of 
deposition rates on beam current and on pressure. 

Calculations were performed for plasma jet 
of Ar with small portion of monosilane (10%). The 
model begins by solving for the electron distribution 
function (EDF) as a function of electron energy and 
position. Elastic scattering, ionization, and inelastic 
excitations were taken into account. The cross sec- 
tions necessary for calculations have been  discussed 

in [4,5]. No consideration is given to beam degrada- 
tion, that is, the energy of the beam electrons is as- 
sumed to remain constant Such an approximation 
is justified for a description of the interaction of 
high-energy beams with a low-density medium. The 
spatial distribution of the gas density in the jet in 
these computations was sampled from calculations, 
obtained using the DSMC code. By monitoring the 
position and velocity of each electron, the EDF in 
energies and space was obtained. To calculate the 
three-dimensional spatial distribution of total dis- 
sociation rates of monosilane, the simulation 
region was divided into cubic cells (primary elec- 
tions were incident along the Z axis): 

F(Xyi,zj) = ng(xi,yi,zs) BpfoyO a<i(Ep) Ep,Q+ 
2k ng(Xi,yi,zi) ngec(Xhyi,zi,Uk,yk,wk) a^ek) eklß 

where the density of primary electrons is equal to 

Upto) = 

iw(xi,yi,Zi)/( n^Xi^Zi) a^JEp) Epm At) 

where ng(Xj,yi,Zi) is the gas density in position 
(xi,yi,Zi),n8eC(Xi,yi,Zi,llk,Vk,Wk) is the distribution 
function of the electrons, o^and rjjoa are total 
cross sections of ionization and dissociation of 
monosilane, Ep is the energy of electron beam, 
n«(Xi,yi,Z«) is the density of sources appearing during 
the time At. The summation was implicated over 
energies of electrons in the ithcell. 

Finally, using information on spatial 
distribution of dissociation rates, deposition rates 
were obtained on the base of standard DSMC 
techniques for the transport of molecules and gas 
surface interaction [3]. In calculations, the variable 
hard-sphere model for molecular interaction poten- 
tial and the diffuse reflection model with complete 
thermal accommodation were used. 

In Fig.2 the computed thickness profiles of 
molecules adhering to the substrate are given. For 
comparison we present ellipsometry data on film 
thickness of a-Si:H in the same figure. The good 
agreement indicates that film thickness is propor- 
tional to the values of the flux of molecules. 
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Fig.2 Euler equations - lines. Monte Carlo 
computations: Q - Po d = 63 Topp mm, D - Po d = 
9.9 Topp mm. Measurements: • - Po d = 63 Topp 
mm, ■ - Pod = 9.9 Topp mm, ♦ - P0 d = 180 Topp 
nun; d=6.3 mm. 

The dependencies of rate of dissociation of 
monosilane are given in Fig.3 as a function of posi- 
tion along the Y axis at different distances from the 
center of the beam (radius &) along the X axis. The 
results indicate that secondary electrons located at a 
distance from the beam were distributed more uni- 
formly in space than primary electrons. It was 
found that this fact is the important reason for the 
formation of spatially uniform thin films deposited 
from the jet excited by an electron beam. 
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Fig.3 Rate of dissociation of monosilane vs 
distance from the jet axis: • - x/Rb = -3, ♦- x/Rb =0, 
♦- x/Rb = 3. Ep=16 keV, P0=15.3 Torr, d=4.5 mm, 
Rj, =2 mm. 

It was shown that secondary electrons 
make an essential contribution to dissociation of 
monosilane and consequently to deposition of thin 
films of a-Si:H. From  comparison of deposition 
rates calculated and experimental data effecdve 
sticking coefficient was determined. Its value 0.07 
was compared favorably with those from the litera- 
ture [6]. In fig.4 it is shown a comparison be- 
tween computations and measurements of 
spatial dependencies of absolute deposition rate. 
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Fig.4 Dependencies of the a-Si:H film depo- 
sition rate on the distance from the jet axis X. Monte 
Carlo calculations - lines: 1 - total contribution, 2 - 
contribution from secondary electrons, 3- contribu- 
tion from primary electrons. Experimental data - 
points. The conditions are the same as in Fig.3. 
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Emission spectroscopy in a deposition zone of the magnetron system for the 
preparation of carbon nitride films 

J. Vlcek, K. Rusfiäk and V. Hajek 
Department of Physics, University of West Bohemia, Univerzitni 22, 306 14 Plzeri, Czech Republic 

1. Introduction 

The attempts to synthesize the superhard crystalline 
ß-C3N4 phase [1] have resulted in several different 
kinds of carbon nitride (CNX) compounds. In spite of 
the fact that a majority of the CNX films prepared by a 
variety of sophisticated techniques (see e.g. [2] and the 
works cited therein) is amorphous and substoichiomet- 
ric in nitrogen, these layers have interesting and poten- 
tially very useful mechanical properties for surface 
engineering [3, 4]. However, little is known today about 
the deposition mechanisms of CNX materials. 
The main aim of this work is to obtain reliable experi- 
mental data on the occurrence of the selected excited 
states of significant atoms, molecules and ions in a sub- 
strate region of the magnetron system used in the depo- 
sition of the CNX films. The emitted light spectra have 
been measured in a dependence on the negative sub- 
strate bias voltage Ub, which is an important process 
parameter determining the chemical composition, 
structure and properties of the deposited films. 
Motivation for this study came from a desire to under- 
stand better the mechanisms governing the production 
of excited states, which is strongly coupled with the 
complex physico-chemical phenomena on the surface of 
growing films. 

2. Experimental details 

The CNX films were deposited on Si(100) substrates 
using DC magnetron sputtering of a high-purity 
99.99 % graphite target in a pure 99.999 % nitrogen 
discharge at the pressure p in the range from 0.15 to 
5 Pa and the constant gas flow of 75 seem. The target- 
-to-substrate distance was 100 mm. The discharge cur- 
rent on the cathode was held at 1 A, while the substrate 
temperature T„ was varied by an ohmic heater between 
50 and 600 °C, and the negative substrate bias Ub indu- 
ced by an RF generator operating at a frequency of 
13.56 MHz was in the range from 0 to -1200 V. 
Optical emission spectroscopy of the discharge was car- 
ried out using a computer controlled system comprising 
a Jobin-Yvon THR 1000S monochromator. The emitted 
light was studied in two positions characterized by the 
distances of 5 and 50 mm from the substrate. Spatial 
resolution along the axis of the discharge between a 
plane cathode and a paralell plane substrate was achie- 
ved by means of a fibre optic cable fitted with a 
150 mm long and 4 mm wide collimating tube, poin- 
ting perpendicularly towards the axis. The spectrometer 
resolution was adjusted to 0.05 nm. 

Table 1. Data characterizing the spectral lines investi- 
gated in this paper. 

Spectral 
Species lines 

rnml 
Transitions 

N 493.5 2p24p -> 2p23s 
N2 337.1 c3n->B3ri(o,o) 
N* 568.0 2p3p ->2p3s 
NJ 391.4 B22-^X22(0,0) 
CN 388.3 B2Z->A2ri(0,0) 
C 247.9 2p3s -> 2p2 

3. Results and discussion 

The basic data characterizing the spectral lines 
investigated in this paper are given in table 1. 
As we are interested here in an effect of the RF-indu- 
ced negative substrate bias voltage Ub on the processes 
in a discharge near the substrate, figures 1 and 2 are 
included to illustrate a strong influence of this 
important parameter on properties of the layers deposi- 
ted under the same conditions. In figure 1 we give our 
results for the N/C ratio in the CNX films evaluated 
using elastic recoil detection analysis (ERDA). Figure 2 
shows their hardness measured by a computer control- 
led microindentor Fischerscope H 100. 
Increasing the Ub values at the substrate temperature of 
600 °C and the pressures in the range from 0.15 to 5 Pa 
resulted in an increase in film density from 1.5 to 
2.7 g/cm3, and a decrease in surface roughness from 
13 to 2 nm. This densification was accompanied by an 
increased hardness (from 2 to 27 GPa) and by higher 
adhesion to the silicon substrate. Tribological behaviour 
of these amorphous CNX films, typically 1 to 2 fim 
thick, is studied in paper [4]. 
In figure 3 we present relative intensities of the selec- 
ted spectral lines, which were measured in the position 
of 5 mm from a substrate as functions of the RF-indu- 
ced negative substrate bias Ub at p = 0.5 Pa and 
Ts = 600 °C. As is shown, the populations in all excited 
states (see table 1) increase with a growing value of the 
applied RF power. 
It is mainly due to enlarged values of the number den- 
sity and kinetic temperature of electrons in the deposi- 
tion zone, but the dissociative charge transfer between 
Nj and N2 might also play a role in producing the 
N atoms and NT1" ions near the substrate [5]. 
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Figure 1. The N/C ratio in the CNX films as a function 
of the RF-induced negative substrate bias voltage Ub at 
T. = 600 °C. 
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Figure 4. The ratios I(N)/I(N2) and I(N)/I(CN) measu- 
red in the deposition zone and in the plasma as func- 
tions of the RF-induced negative substrate bias Ub at 
p =0.5 Pa and T. = 600°C. 
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Figure 2. The hardness of the CNX films as a function 
of the RF-induced negative substrate bias voltage Ub at 
T, = 600 °C. 
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Figure 3. The relative intensity of the selected spectral 
lines measured in the deposition zone as a function of 
the RF-induced negative substrate bias TJb at p = 0.5 Pa 
andT. = 6Q0°C. 

Let us recall that CN radicals and N atoms are assumed 
to be the most appropriate precursors for the deposition 
of CNX films and that a sufficient concentration of ato- 
mic nitrogen species in a discharge is required to ensu- 
re nitrogen incorporation in the growing layers [2, 6]. 
In figure 4 the intensity ratios of I(N)/I(N2) and I(N)/ 

I(CN), measured in the deposition zone (5 mm from the 
substrate) and in the discharge plasma (50 nun from 
the substrate), are given as functions of the RF- 
induced negative substrate bias voltage Ub at p = 0.5 Pa 
and T, = 600 °C to illustrate a tendency towards increa- 
sed occurrence of N atoms in comparison with N2 mo- 
lecules in both investigated positions, and N atoms in 
comparison with CN molecules in the deposition zone, 
when the applied RF power increases. 
As can be seen in figure 4, the growing influence of 
dissociation of N2 molecules in the deposition zone 
leads to the increase in the ratio of the concentration of 
atomic nitrogen to that of CN species. It correlates with 
an increase in the N/C ratio in the CNX layers (see 
figure 1) at lower values of the RF power, which are the 
most appropriate for the deposition process with regard 
to resputtering of the growing films. 

This work has been partially supported by the Czech 
Grant Agency under Grant No. 106/96/K245 and by 
the Ministry of Education of the Czech Republic under 
Grant No. VS 96 059. 
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Influence of Discharge and Substrate Parameters on PECVD of 
TEOS/Argon Mixtures 
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1. Introduction 

Tetraethoxysilane (TEOS) is an organosilicon compound 
widely used for CVD and plasma enhanced CVD of silicon 
dioxide films in the mixture with oxidant gases (02, N20, 
CO). These studies are applied in microelectronics. Beyond 
their dielectric properties, plasma deposited Si02-like films 
are characterized by other interesting properties which make 
them very promising material for many other applications 
(pigments and metal protection against photodegradation 
and corrosion, respectively, hardening of transparent plastics 
and polycarbonate etc.). These application do not always 
require Si02-like films. Polymers with an appreciable 
organic fraction, deposited without an oxidant gas in the 
feed, from several organosilicon compounds are usually 
suitable for many above applications (see for instance [1]). 
The advantage of TEOS compared with silane is its easy 
handling due to low flammability. 

2. Experimental 

The films were deposited by plasma enhanced CVD in a 
diode planar reactor described in [2]. The lower electrode 
capacitatively coupled to rf generator was used as a 
substrate holder. All films were deposited at rf power 100W 
(self bias -250V) and frequency 13.56MHz. TEOS vapour 
was introduced from glass bottle keeping liquid TEOS 
without any carrier gas. For all carried depositions the flow 
rate of TEOS was established by needle valve at 0.3 seem. 
The flow rate of argon was regulated by Hastings HFC flow 
controller from 1.7 to 3.5sccm. The total pressure was from 
12.8 to 20.1Pa in dependence on argon flow rate. The 
substrate electrode was a hard aluminum plate covered by 
plasma deposited film. The silicon substrates with different 
specific resistance (from 0.06 to 40Q.cm) were putted on or 
sealed to the substrate electrode. To obtain more uniform 
films mixture of TEOS and argon was supplied by many 
inlets in the glass circle placed 7 or 4cm above the substrate 
electrode. 

During the plasma processes we have measured 
the temperature of substrate electrode or silicon wafers by 
Raytek Thermalert LTCF2 pyrometer. Because of possible 
problems with object emissivity we have used the stickers 
with standard emissivity s = 0.95 supplied by Raytek. 

The reflectance of thin films on silicon substrates 
within the wavelength region 200 - 900nm were measured 
by an spectrophotometer ZEISS SPECORD M42. To find 
the thickness and the optical parameters of the thin films we 
have performed numeric minimization procedure of the least 
squared method (Marquardt - Levenberg) in the region 400 
- 900nm. The model of a single homogenous film fitted well 
the measured values. Microhardness measurements were 

made using a Hanemann Vickers microhardness tester [3]. 
The film hardness was separated from the hardness of 
system film - substrate as described in [4], 

3. Results and Discussion 

In the arrangement with the reactant inlets 7 cm above the 
substrates we have deposited films changing the argon flow 
rate from 1.7 seem to 2.5 seem. The growth rate and the 
hardness of films deposited on silicon substrates 40 Q.cm 
are in Fig. 1. The refractive a absorption indices did not 
show any clear dependence on deposition conditions. 
Refractive index at 650 nm was in range 1.72- 1.77 and 
absorption index was in the range 0.01 - 0.05. This values 
are higher than for Si02-like films and differ from values 
declared in [5] for argon/TEOS mixtures. 

To exclude the possible influence of temperature 
we have measured the temperature of electrode during 
45min of argon and argon/TEOS discharges for argon flow 
rate from 1.7 to 3.5sccm starting from room temperature 
25°C. Final temperature did not differ for various flow rates, 
mean value was (75 ± 4) °C. The temperature is not 
responsible for changes in films properties shown in Fig. 1. 
Mukherjee et. al. [6] supposed for argon/TEOS deposition 
that an increase of pressure causes a decrease of deposition 
rate because of electron energy decrease. Another 
explanation of deposition rate behaviour which could 
explain hardness dependence too is an increase of ion 
bombardment. 

An interesting result is concerned to the 
temperature measured during deposition from argon/TEOS 
plasma. The electrode temperature is a little higher (88.9 °C) 
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Figure 1 Influence of argon flow rate (total pressure) on 
growth rate and hardness of films deposited in argon/TEOS 
plasmas (P = 100W, U = -250 V, TEOS flow rate 0.3sccm). 
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Figure 2 Temperature of various objects during argon 
discharge: P = 100W, U = -250V, argon flow rate 2.7sccm, 
pressure 17Pa. 

than this one for pure argon plasma. We have check up the 
emissivity of the sticker after 45 minutes ofdeposition and 
find that emissivity decreased to 0.93. Such small change 
could not changed the true temperature and moreover it 
should decrease the measured temperature. 

In the previous study we have found out that 
properties of films deposited from TEOS and 
TEOS/methanol mixtures depend on specific resistance of 
silicon wafer [2]. We have voiced that the temperature of 
different silicon wafers differs and causes unmistakable 
changes of film properties [7]. Optical properties and 
thickness of films deposited from argon/TEOS mixture 
again depend on specific resistance of silicon. The 
microhardness was in the range of experimental errors the 
same for different silicon substrates. 

To confirm our assumption about temperature we 
have measured temperature of silicon wafers (40flcm, 
0.08Q.cm ) putted on electrode and temperature of silicon 
wafer 40flcm sealed to the electrode by silver paste. We 
have sealed the stickers with e = 0.95 to the silicon but the 
part of silicon surface was left uncovered. Temperature 
measurements in pure argon plasma (see Fig. 3) show that 
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pure thermocontact between silicon and electrode results in 
different surface temperatures. The silicon wafer is cooled 
mainly by radiation that depends on its emissivity. We have 
determined by pyrometer that the silicon 40Q.cm has s = 
0.22, silicon 0.08Q.cm has e = 0.72 and the electrode 
covered by thick plasma deposited film has 8 = 0.87. This 
is in perfect agreement with temperature measurements in 
Fig. 3. For discussed silicon the magnitude of absorption 
coefficients in infrared differ about several orders [8] and 
therefore differ emissivity too. 

We have tested the influence of supply inlet 
position and starting electrode temperature on film 
properties. The films microhardness for reactant inlets only 
3 cm above the substrates was generally lower than this one 
for the distance 7 cm. To achieved the same hardness it was 
necessary to use higher argon flow rate (see Fig. 3). To 
qualify the influence of starting electrode temperature we 
have heated electrode with substrates before the deposition 
by argon plasma to the temperature 90 °C. The increase of 
film microhardness is marked from Fig. 3. 

4. Conclusion 

We have found that the hardness of films deposited from 
argon/TEOS mixture is proportional to argon flow rate and 
is higher for higher distance between the substrates and 
supply inlets. Deposition rate is inversely proportional to 
argon flow rate and depends on the position of reactant 
inlets. Refractive and absorption indices are higher than for 
SiOj-like films. Optical properties and deposition rate 
depend on specific resistance of silicon substrate because of 
temperature difference. 
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Figure 3   Dependence of microhardness on applied load. 
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1. Introduction 
Natural molecular admixtures (N2, 02, H20), inevitably 
presented in tank helium ( for example, in commercial 
tank helium relative contents of 02 and N2 are about 
10"6 and 10"5 respectively) rapidly change energy 
transfer processes in helium plasma. Due to their high 
excitation and ionization potentials, active helium 
species (excited atoms He", molecules He2\ atomic He+ 

and molecular He2
+, He3

+ ions) effectively interact with 
molecules N2, 02, H20, and, if their contents 
correspond to the level, mentioned above, ionic 
constitution and radiative properties of such plasma 
mixture significantly differ from that properties of pure 
helium plasma. 
This paper is devoted to analysis of the experimentally 
recorded spectra of beam helium plasma with 
molecular admixtures, noted above. 

Experimental scheme. 
It is shown in Fig. 1. 

Fig.1 
1 - chamber; 2 - electron accelerator; 3 - line spectrum 
source; 4 - PM; 5 - removable optical filter; 6 - 
diffractional spectrograph; 7 - analog to digital 
converter; 8 - computer. 

Beam plasma was created in metallic chamber by 
impulsive electron accelerator. Accelerator produced 
impulses with following parameters: time of impulse 
timp ~ 150 ns, average electron energy Ee ~ 220keV, 
total energy in impulse E^p ~ 0.2J, repetition frequency 
f =10Hz. The experiments were carried out in He at 
pressure 0.11 MPa. The radiation, emitted by plasma, 
was recorded photographically by diffractional 
spectrograph, wich permited measurements in 
wavelength   range   260-620   nm,   containing   such 

molecular bands, as N2(2
+), N^l*), N2

+(l"), O^l*), 
02

+(l"), OH(Meinel) and strong lines of He I (587.6, 
447.1, 388.9 nm). In addition, time dependence of 
plasma radiation was recorded by photomultiplier with 
removable optical filters. Used in experiments filters 
had following transparency bands: 450-550 nm, 550- 
650 nm, 650-750 nm. Averaged by volume of chamber 
electron concentration was derived from microwave 
measurements. The near foil plasma region with 
concentration of n^ > 1011 cm"3 was observed and 
analyzed. 

3. Experimental results and their discussion. 
Components, identified in spectra, are listed in Table 1. 

Tab el. 
N Wavelength, 

nm 
Belongs to 

1 282.2 N2" (2+, v'= 3, v" = 0 ) 
2 306.4 OH (A2I -X2n, 0-0) 
3 306.8 OH (A2Z -X2n, 0-0) 
4 310.9 OH (A2S ~X2n, 1-1) 
5 312.2 OH (A2Z -x2n) 
6 313.6 OH(A2Z-X2n), N2

+(2+, 2-1) 
7 315.9 N2" (2+, 1-0) 
8 333.9 N2* (2+, 1-1) 
9 337.1 N2* (2+, 0-0) 
10 350.0 N2* (2+, 2-3) " 
11 353.7 N2" (2+, 1-2) 
12 367.2 N2' (2+, 3-5) 
13 375.5 N2* (2+, 1-3) 
14 380.5 N2' (2+, 0-2) 
15 391.4 N2

+ (I", 0-0) 
16 427.0 N2* (2+, 1-5) 
17 427.8 N2

+ (I", 0-1) 
18 470.9 N2

+ (1", 0-2) 
19 522.8 N2

+ (1", 0-3) 
20 587.6 Hel 
21 594.7 N2" (1+, 8-4) 
22 611.4 N2* (1+, 5-1) 

The densitograms of helium spectra, obtained with 
diffractional spectrograph, are shown in Fig.2. 
The most intensive components in spectrum of 
relatively pure helium are: OH* bands (306-314 nm), 
N2

+(l-st negative, 0-0, 0-1) bands and He I (587.6 nm) 
line. In helium with molecular admixtures OH* bands 
slightly weaken, but remain considerable, intensity of 
N2

+(l-st negative, 0-0, 0-1, 0-2, 0-3) increases and 
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intensity of He I (587.6 nm) significantly decreases 
The bands of 0:'(1' : Av=2,-1,0; /=529.6. 5612. 
602.6nm ) as well as He lines at 388.9: 447.2 and 

He + admixtures 

z - 

-M kl 

He 

Fig.2 
501.6 nm are very weak or absent. These facts, as we 
think, could be due to: 

1) charge transfer reaction 
N2

+(B2Z) + 02 -> 02 +(b4 Z) + N2
+        (1) ^ 

doesn't create sufficiently quantity of 02
+(b4 Z) 

[1] 
2) relatively low probabilities of radiative transisions 

from (V(b4 Z) (Akl < 106c"\ while for observed in 
spectra N2

+(l") A^ ~ 1.7 107 c"1) [1]. 
3) high speed of nonradiative losses of He in 

reactions of conversion, charge transfer and assotiative 
ionization [1], [2]: 

He" + 2He -> He2" + He (2) 
He" + N2-> N2

+" + He (3) 
He' + He ->• He2

+ + e (4) 
All reasons, stated above are confirmed by the analisys 
of PM signals time dependences. Characteristic signals 
are represented in Fig. 3. The ratio of admixtures in two 
cases, noted as 'He" and 'He + admixtures" is about 
10. The behaviour of signals is following: in 
wavelength range 450-550 nm as the content of 
molecular gases in helium increases, the signal 
becames narrow, its amplitude significantly increases; 
signal in wavelength range 550-650 nm has two 
maximums in relatively pure He, while in He with 
molecular admixtures signal becames monotonouse and 
narrow, its amplitude increases, but not so sharply, as 
in range 450-550 run. 

Intensity, relative units 

1000   2000   3000   40O0   5000   6000   7000   8000 

time, ns 

Fig.3 

Radiation, registered in range 450-550 nm is due to 
N:'(l". 0-3) (522.8nm). N2

T (1", 0-2) (470 9nm) These 
species arc formed in reactions [2], [3], [4): 

He2* + N2-> N2
+(B,A) + 2He (5) 

He2' + N2 + He -> N2'(B,A) + 3He (6) 
Then N2* converts to N/ in reaction 

N2
+ + N2 + He -► N4

+ + He (7) 
but radiation decay of N2

+(B2ZU
+) proceedes with 

highier speed [1], [2]. 
After -1.5 us radiation in this range follows N2

+(B) 
formation by Penning ionization of N2: 

He"(23S, 21 S) + N2-> N2
+" + He (8) 

The time (2us) of signal decrease corresponds the [He"] 
decrease in (8), if [N2] ~5 1015cm"3. This value is in 
agreement with microwave measurements of [02] and 
presumption, that [02]: [N2] = 1:4, as in air. In He with 
admixtures the same processes proceed, but their speed 
increases. 
More interesting the behaviour of signal in 550-650nm. 
As this range embraces radiation of He I (587.6nm), 
He2* (640nm), N2"(l+, 8-4) (594.7nm), 02

+(r, 0-0) 
(602.6nm), N2"(l+, 5-1) (611.4nm), the interpretation 
of registered radiation is complicated. Unlikely He2 

(640nm) line is beyond the range, registered by 
spectrograph, and we have no data about it's intensity. 
We assume, that behaviour of PM signal in this range 
is due to joint radiation of all species, mentioned above, 
but after ~3us radiation of N2*(l+, 8-4) and N2"(l+, 5- 
1), formed in dissociative recombination of N4

+, 
produced in (7): 

N4
+ + e -> N2" + N2 (9) 

dominates. The time (3|AS) of signal decrease 
corresponds the decrease of N2*(r, 8-4) and N2 (V, 5- 
1) due to vibrational relaxation and radiative decay. 

In longer period of time ~15|as attachment of 
electron to 02, conversion of simple ions to complex 
one [4]: 

N4
+ + H20 + (He) -> H20

+ + 2N2 + (He) (10 ) 
H20

+ + H20 + (He) -* H30
+ + OH + (He)   (11) 

H30
+ + H20 + (He) -> H30

+ (H20) + (He)   (12 ) 
02- + H20 + (He) -> 02" (H20) + (He)   (13 ) 

proceed, and finally charged particles recombine in 
reactions [4]: 

02-(H20) + H30
+(H20) ->■ products (14) 

02"(H20) + H30
+(H20) + He -► products (15) 
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C2 emission of laser produced carbon plasma in an ambient gas 
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The interaction of high power laser beams with a 
graphite target in an ambient gas has become a 
subject of great interest since the first report on the 
existence of stable carbon clusters in laser ablated 
plumes1. Depending upon the time of observation, 
position of the sampled volume within the plasma, 
the relative abundance of the different type of 
carbon clusters has been found to change. In this 
paper, we report on experimental results on C2 

emission studies in laser vaporization of graphite 
target in three different gases environment. The 
relationship between the presence of these lines and 
the growth of diamond is always related to good 
quality diamond films and appears to be a 
"universal" feature2. 
The appearance of the high pressure Swan band 

( v' = 6) in helium is also reported. 
I. Molecular Swan band emission. 
In the presence of a background gas, the molecular 

emission at 516.5 nm corresponding to the well 
known Swan band emission will dominate the 
plasma emission. 
As the surrounding gas pressure is increased, the 
molecular Swan band emission increases and the 
maximum intensity location moves to the left-hand 
side (target surface), the spatial profile becoming 
larger and sharper3 (Fig.l). Beyond a some 
pressure depending on the gas nature (150 mbar, 
100 mbar and 5 mbar for hydrogen, helium and 
argon respectively) the maximum emission comes 
very close to the target surface and then the Swan 
band emissivity will be masked by the continuum 
emission from the dense phase of the plasma. The 
consistency of the measured values for the three 
gases was tested by fitting the dependance of the 
maximum emission intensity of the Swan band at 
516.5 nm, on the product of molar mass and the 
pressure of the foreign gas. The result is shown in 
Fig. 2. As the ambient gas pressure increase, the 
maximum emission intensity of the Swan band 
increases but the dependance of the Swan band 
intensity versus the gas pressure exhibit alike 
saturation at high pressure. The general behavior 
of the curve is the same for the three gases as seen 
in Fig. 2, but helium gives the highest intensity 
II. Temporal evolution. 
Fig. 3 shows the z-t plot of CII* transition at 

426.7nm, CI* transition at 247.8nm and C2 

emission at 516.5nm. Fig.3 shows that at earlier 
time all the transitions involved have 
approximatively the same space-time behavior. 

Above 0.3|isec the time delay between the C2* 
emission and CI* emission increases but the slope 
of C2* emission remains constant suggesting the 
same production mechanism for C2* emission over 
0.3 usec. At earlier time, C2 are probably produced 
by the strong recombination occuring in the 
vicinity of the target surface, the recombination 
rate being strongly dependent on electron 
temperature increases as the plasma is cooled by 
expansion4. Cooling of the vapor by the 
surrounded gas results in condensation and the 
ultrafine particle creation5. Collisional ionization 
and three body recombination are the mains 
process occuring in the vicinity of the target 
surface, so we get excited state C2 formation 
slightly away from the target surface. 
Another possible mechanism of C2 production is 

the dissociation of large clusters in the expanding 
plasma6. Clusters of carbon ( Cn, n>2) along with 
electrons are ejected from the graphite target and 
C2 could be formed by the dissociation of C„ due to 
collisions with energetic electrons. However, at 
large distance ( = 0.6 cm) from the target surface, 
the plasma is colder, but the confinment caused by 
the shock wave enhance the temperature exciting 
molecular vibrations which can cause molecular or 
clusters dissociation. 
HI. High pressure band appearance. 
Spectral and kinetic observation by others support 

two classifications for C2 emission : normal Swan 
band associated with v' = 0-6 and high pressure 
Swan band associated with an excess population in 
v' = 6 level7. Vibrations v' > 6 correspond to 
headless or tail bands which are not always 
evident. Fig. 4 shows microdensitometer traces of 
the plasma emission around 470.0 nm 
representing the vibrational excitation of the C2 

molecule in the Av = + 1 sequence in helium gas 
at lOmbar, at different distances from the target 
surface. The Swan band heads of ( v' ,v") i.e. (3- 
2) at 469.7nm, (4-3) at 468.4nm and (5-4) at 
467.9nm are well identified. In addition to the 
vibrationnal excitation, the trace representes also 
the helium line at 468.6nm ( 0.2 nm to the red of 
the 4-3 band head). From the trace c taken at 
0.25cm from the target surface, to the trace a ( 
0.4cm) one can show an important enhancement 
of the vibrationnal excitation . This increase may 
be due to the shock wave produced by the plasma 
expansion in the gas and also may be due to the 
recombination process making the number of C2 
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emitter increasing with distance. An important 
feature observed in the trace c is the red shift 
observed in the 5-4 band head corresponding to 
the (6-5) high pressure band, and the apparition of 
a tail at 466.6nm. The red shift is 0.2nm from the 
5-4 band head and the tail is at 466.6nm. These 
effects are attributed to the excitation of the high 
pressure Swan band leading to an excess 
population in the v' = 6 level. The same feature is 
observed in argon below lmbar. The tail band and 
the red shift are not still visible above 0.4 cm from 
the target surface corresponding to the maximum 
line enhancement observed earlier for CI* 
transition at 247.8nms. 
Comparison in time evolution and spatial 
extension of the normal Swan band system 
represented by the intense (0,0) band head at 
516.5nm and as an example of high pressure 
system the (6,8) band head at 589.9nm which is 
better isolated than the (6,5) band head, suggests a 
common intermediate or parallel production 
mechanism fo the two Swan band systems. The 
best fit of the spatial extension of the high pressure 
system follows exactly the spatial extension of the 
CII* transition at 426.7nm obtained in a previous 
work3. 

l.H.W. Kroto et al, Nature, 318,163,1985 
2.M. MarinelU et al, J. Appl. Phys. 76,5702,1994 
3.T. Kerdja et al, J. Appl. Phys. 80, 5365, 1996 
4. P. T. Rumsby et al, Plasma Phys. 16,247,1974 
5.A. G. Guedovets et al Proc. SPIE, 2716,274,1996 
6.S. S. Hariral et al, J. Appl. Phys. 80, 3561,1996 
7. W. L. Faust et al Chem. Phys. Lett. 83, 265,1981 
8. S. Abdelli et al, submitted to J. Appl. Phys. 
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ABSTRACT 
A large amplitude upper hybrid solitary wave 

(soliton) was detected experimentally in a beam-plasma 

system. An amplitude of the solitary wave was up to 4 

Volt in peak to peak at a terminal of oscilloscope in a 50- 

O system. The phases of coherence in carrier frequency 

~400 MHz were confirmed by using the HP-54542A- 

2GHz oscilloscope. 

We succeeded theoretically in an attempt to describe 

an emission of solitary wave, ceated by an electron beam, 

with a renormalizing method. It was found that the pres- 

ence of slower response of ions was necessary for the 

emission, i.e., without the ions, the electron beam could 

not emit a wave packet. The theoretical results were 

quite similar to that of the experiments. 

1. EXPERIMENTS 
The experiments are carried out by beam-plasma 

system. The plasma region is 16 cm in. diameter and 

42 cm in length, and a mirror magnetic field is 80 

Gauss in center position with a mirror ratio of 1.4. 

Gun region is evacuated to 10-6 torr, while a plasma 

region is fed with argon gas from 10-4 to 10_3Torr. A 

Pierce-type electron gun injects a mono-energetic elec- 

tron beam with a diameter of 1 cm into the plasma re- 

gion. The typical beam-parameter is 1.9 keV-18 mA. 

A stable low-density plasma (~108cm-3) has been 

used in the experiments under the initial gas pressure 

of 5xl0~4Torr. For this stable low density region, we 

designate it as second stage, while at high density re- 

gion, the third stage, we have the plasma density of 

~1012cm-3. Transition from the second to the third 

stage is so called Beam-Plasma Discharge which may 

surely be started by the action of the solitary waves. 

Large amplitude envelope solitary wave, measured 

by 2 GHz digital scope at antenna position of 24.5cm 

separated from beam entrance, is shown in fig.l. The 

carrier frequency is about 400 MHz so that its phase 

is very crowded, but phase continuity is proved. 

2. THEORY 
We start first to consider the interaction be- 

tween an electron and an high frequency electric field 

and to consider also the trajectory of the electron mor- 

tion from its initial straight line to moderate curve by 

renormalization technique, which was initially used 

by WeinstockO, Kono-Ichikawa^2). They derived a 

Green's function, however, their diffusion coefficient 

degenerate to that of quasi-linear theory, when the 

coherent interactions in the same wave number are 

considered. Then as an idea, we used here a Gaussian- 

type Green's function in the real space, which was 

utilized by Horton^3) in his discussion of ion-acoustic 

turbulence. 

Now our set of fundamental equation, which in- 

cludes the transform of the Green's function, is as fol- 

lowing :, where the G(k,v,u;k',v', w'), D;;(fc,u), 

EQ.(fc,v,w) are the Green's function, the diffusion co- 

efficient in velocity space, and the self-energy term re- 

spectively. For beam distribution, /£(&', v',w'), the 

6-function is used. 

Figl. The upper hybrid solitary wave detected 
by 2-GHz sampling oscilloscope is shown. Ca- 
rier frequency of the solitary wave is ~400MHz. 
Gas pressure of 5.3xl0_4Torr Ar is used. 
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G(k, v,u;k',V',UJ') 
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To solve the above equation with respect to the We assumed first that |E(fci,wi)| =|E[    =constant, 

electric field, We used only m=0th term, which is the then we get an equation for DtJ- or y.  At a working 

most important one, and we put emphasis on the co- point of y-2=0.0344, ImFi=0, then we calculate the 

herent interaction with the same wave number, i.e., Ea- Finally, we get E(fc,t) by inverse transformation. 

ki=k, so the self energy term is great importance. Thus the following results and the fig.2 are obtained. 
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Fig.2. An example of the theoretical results is 
shown. So called chirping (frequency modula- 
tion) is seen, as in the optical soliton in the 
glass fibres, which originates in Kerr-cjject. 
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Electron density of high pressure argon plasma 
produced by excimer laser 

Norio TSUDA and Jun YAMADA 
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1. Introduction 3. Electron density 

When a XeCl excimer laser beam was focused in 

a high-pressure argon gas from 3 to 150 atm, a high 

temperature and dense plasma developed not only 

backward but also forward.]) The forward development 

mechanism taking into account the self-focusing effect 

of the laser light by plasma was proposed.2) Recently the 

mechanisms for self-focusing effect have been studied.3) 

Then, the physical properties of the laser produced 

plasma were examined. The electron density of laser 

induced plasma was observed by a laser interferometer. 

It was found that an extremely dense plasma with an 

electron density of the order of 1027 m"3 was produced. 

2. Experimental arrangement 

A XeCl excimer laser with a maximum power of 

17 MW, a wavelength of 308 nm and a full half-width 

of 30 ns is focused at the center of a gas chamber by a 

lens with a focal length of 40 mm. The output power of 

laser radiation is controlled by an optical filter. As the 

laser light is a rectangle of 11 X 24 mm, the focused 

laser light at the focal spot makes an ellipse of 120 X 80 

M m. The gas chamber is made of stainless steel and 

has an outer diameter of 110 mm and a length of 140 

mm. It has four quartz glass windows of diameter 20 

mm and thickness 15 mm. The electron density of the 

laser-produced plasma is measured by a Mach-Zender 

interferometer using an Ar-Ion laser. 

The electron density of laser induced plasma is 

measured by the Mach-Zender interferometer. The time 

variation of interferometer signal is shown in Fig. 1. 

When the gas chamber is evacuated, the change in 

interferometer signal is not observed. The number of 

fringes increase as the pressure increases. But it is diffi- 

cult to find out a turning point in the fringe pattern at 

which the electron density reaches a maximum. There- 

fore, the peak electron density is estimated by extrapo- 

lating the observed electron density up to the time when 

the excimer laser pulse is terminated. 

2ps 
5.6nV 

-19.74mV 

2 ps 
5.8KV 

-9.5UV 

t:    — 
.5 ps 
2.6911V 

3 atm 
10 MW 

10 atm 
10 MW 

0 atm 
10 MW 

Fig. 1    Examples of interferometer signals. 

Pressure dependence of peak electron density at 

the focal spot is shown in Fig. 2. The broken line in Fig. 

2 indicates the initial gas atom density. The electron 

density increases with increasing pressure. When the 

laser power is 15 MW, the plasma is almost in a fully- 

ionized state from 3 to 150 atm. The dense plasma with 

an electron density of the order of 1025 ~ 1027 m"3 is 

produced. However, at the higher pressure the electron 
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density saturated and the degree of ionization decreases. 

Because the electron temperature decreases by collision 

with the surrounding gas and the number of recombina- 

tion increases. To find out why the electron density 

decreases with increasing pressure, the electron density 

is calculated from the rate equation involving the colli- 

sion ionization and the two-electron, three-body recom- 

bination processes. The electron density calculated 

assuming a constant electron temperature saturates with 

increasing pressure, and agrees qualitatively with the 

experimental results. 

101 

Pressure (atm) 
10* 

Fig. 2    Observed electron densities versus pressure; 

The broken line shows the initial atom density. 

_i i i i_ 
5 10 15 

Laser Power (MW1 

Fig. 3   Experimental values of electron densities ver- 

sus laser power. 

The dependence of the electron density at the focal spot 

on the laser power is shown in Fig. 3. The electron 

density increases rapidly and saturates with increasing 

laser power. The slope of curve at the higher laser 

power in Fig. 3 is bigger as the pressure increases. The 

dependence of the electron density on laser power is 

calculated. At the lower laser power, the electron den- 

sity increases rapidly with increasing laser power. The 

rate of increase in the electron density on the laser 

power is bigger with increasing pressure. 

4. Conclusion 

When a XeCl excimer laser beam was focused in 

a high-pressure argon gas from 3 to 150 atm, a high 

temperature and dense plasma developed not only 

backward but also forward. The electron density of laser 

induced plasma was measured by the Mach-Zender 

interferometer. When the laser power was 15 MW, the 

electron density was proportional to the pressure and 

fully-ionized state was almost achieved up to 150 atm, 

however the electron density saturated and the degree of 

ionization decreased as the laser power decreased. It 

was found that the dense plasma could be produced 

relatively easily when the ultraviolet laser beam focused 

in a high-pressure gas. 
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1. Introduction 
This paper deals with an experimental and theoretical 
investigation of the sharp directed electromagnetic 
radiation generated during an interactions of an electron 
beam with plasma in presence of an electromagnetic 
wave of laser radiation. As it had been found in [1-3] a 
generation of subnanosecond dense micro beams of 
electrons and ions as well as a generation of an 
electromagnetic radiation opposed to laser beam occur 
in laser-spark discharge in air. In some experiments the 
intensity of this radiation was so high that under its 
penetration in Nd-YAG laser resonator the latter was 
destroyed. Some different mechanisms for an 
electromagnetic waves generation by beam - plasma 
interactions are possible [4]. We will consider only two 
following : 
- a resonance transition radiation from beam - plasma 
interactions[5]; 
- a reflected laser beam radiation with frequency and 
intensity multiplication at moving front of plasma or by 
an accelerated electron and ion beams [6]. 

2.The Resonance Transition Radiation 

During interaction of an intense laser beam with a 
metallic target as it had been found in [7] an injection of 
power electron beam with an extremely high current 
density, takes place. Also in [1-3] electron emission 
current density in laser-produced plasma was measured 
of order of 31010 A/cm2 . According to [8] a stationary 
standing periodic Langmuir wave (SPLW) can be 
formed, when an electron beam interacts with a plasma. 
The plasma with a SPLW presents a periodic 
inhomogeneous medium. Hence a resonance transition 
radiation occurs under conditions when an electrons 
move with a velocity of vb«c through this medium, we 
can provided that following is fulfiled [10]: 

[l-(vb/c)s0"
2 cos0](co/vb)=27tr/L. (1) 

Here r is a number of harmonic; 9 is an angle between a 
direction of emitted quantum with frequency CD and a 
velosity vector vb which is directed along an axis z; c is 
a velocity of light, L is a period of inhomogeneity in the 
medium; e0 is a dielectric permeability. The resonance 
condition (1) does not depend on an existence of an 

external magnetic field along the axis z [9]. Besides we 

can assume that a magnetic field H can exist and 
satisfies the inequality co » coH (coH = eH/mec is a 
electron cyclotron frequency). The variation of an 
electron density averaged by  m     - high frequency co pe 
oscillations in SPLW is determined by [8]: 
8n/np= - (4vK/l)2 en2 (4K$/l,v), 4=(2/3),/2 z/X* (2) 
where np is an ambient electron density; en is an elliptic 
Yacobi function with the modules v; X.d -the Debye 
lenght  ;   l=4K[(2v2  -l)/(n+a)]m  -the  dimensionless 
period of solution; Q=4K(K-2E)/12 ;a=8KB(v/l)2. K,E,B 
-the full elliptic  integrals (K'=K[(l-v2)l/2];  copc -the 
electron plasma frequency. Formula (2) at 0.5 <v2 < 1, 
2K(v)«l is valid. Under v2 =0.5 we have: cc=27i/l, 
cn2(au,v)»0.5 [cn(2au,v)+1 ]. 
Let us expand cn(2ccu,v) in Fourier series: 
cn(2au,v)=(27i/vK)Zb„ cos [(2n+l)2a£]; U=2K£/TI; 

bn=exp[-(2n+1 )nK'/2K]/{ 1 +exp[-(2n+ 1)TIK7K] }, 
We can consider only the first term of this series in the 
first approximation . Then for tensor of dielectric 
permeability we can write the following expression [5]: 

8= 

6,  ig   0 

-ig 6,     0 

0   0   s2 

6, » £2= e0 -Acos(2nz/L), 

E0=l-[l+8(vK/l)2](copc/co)2; (3) 

A = (16Ttb0vK/l2)(cope/co)2. 

Where   L= (3/8)"2 Xt\;   g* (cope/co)2 (coH/co) « 1. 
In this case we can calculate an energy of resonance tran- 
sition radiation for the time T in the frequency range 
(co, co + dco) per one particle by using the formula [9]: 

dl. = (e2vi/c2) codcoZj2
r(D)5[cos9- C/(VE „'/2) 

+(27trc/LcoE0"
2)]sin3ede, (4) 

D=LcoA/ (4TIC E0"
2
 cos9). 

Here Jr(D) is a r-order Bessel function. The angle of 
emission for different frequencies is given by the 
expression (1). With the help of (1) one can determine 
the interval of emitted frequencies by taking into 
account that | cos9 | < 1. The quanta with frequencies co 
> comin=27i vr/L/(l+v/c) of the first harmonic (r=l) give 
the most contribution to the intensity of radiation [9]. 
As it follows from (4) (at co »cope, s < 1) the total 
number of quanta emitted in certain frequency interval 
(Yi ramin. v2 ^min) from the unit volume of beam plasma 
is given by (in [cm"3]): 
N=1.810-7 (I+vb/c)nbnp"

2[(vKb0)
2/l][Ti Te/(TC+T)]3/2TA 

A=(y2-y,)[(vb/c)2/(y2-y0)/(y, -y0) - l/(y,y2)], y0=l +vb/c, 
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where nb- is the density of beam particles with the 
velocity vb; Ti)e (in [eV]) - ion and electron temperatures 
respectively; the numbers y, < y2 have to satisfy to the 
inequality y >>(l+c/vb)/(27tr), that follows from the 
condition of the quasiclassical approximation (X/2n= 
c/co <<L). In [5] a possibility of the resonance transition 
radiation detecting on the background of the 
bremsstruhlung had been shown as well as a concrete 
recommendations for diagnostics of SPLW (or 
parameters of beam-plasma system) had been 
determined. 
For a future detecting of transition radiation from 
relativistic electron beams in laser-produced plasmas we 
can take into account following estimations. For plasma 
densities of order of 10'8-1024 cm'3 X-ray radiation with 
wavelengths in the range of 10"6    -  10"8 cm can be 

generated within an angels 0< 15 (the X is shorter 
when the beam density np is greater). This is realized in 
our    case    when vb«;c,    v=0.75,    5n/np    =0.1, 
l«18,vK(v)b0«0.3, L«10 Xö. Here and below we propose 
that 1> 10-20 eV, and Te »T| (so the Debye length is 
Xd« 3 103/np

l/2 [cm]), co min » n c/L, e0 «1. For example 
with the following values : np=1020 cm'3, nb=1018 cm"3 

(i.e. jb=5 108A/cm2- the density of relativistic part of 
electron beam), x=100 ps we receive the density of 
emitted X-ray quanta of the order of N ~ 3 10' cm'3 with 
0) >10comin (i.e. for X< 60 A) in the conic angle with 0< 
37 °. At the angle of 8«37 ° we can detect the radiation 
of quanta with an energy of Eq » 200 eV. So for a 
typical value of our small beam plasma induced by 
picosecond laser beam in volume of V~ 10"8 cm"3 [3] 
we will have approximately 30 quanta. These can be 
deteceted by X-ray streak camera in picosecond range. 
Note, that considered above case of transition radiation 
can be generated in beam plasma under laser spark 
discharge during SPLW generation by part of 
nonrelativistic electron beam which density can be more 
higher [1-3]. In principal if one will use two and more 
laser pulses for plasma channel generation it may be 
possible to accelerate part of electrons to energy Eb 

»mc2, and hence it may be possible to produced X-ray 
laser on base of dense plasma beam system [11]. 

3. Reflected Radiation 

It is well known that under reflection of light from the 
moving mirror the double Doppler's effect takes place: 
the frequency of reflected wave increases (cor ~2co0/(l- 
ß2),where ß=vm/c, vm is a velocity of mirror. 
Simultaneously an amplitude increasing , it means a 
total energy of reflected wave, as well as an extreme 
shortening of radiation pulse. In 1951 it had been 
proposed to use the relativistic electron beam (see for 
example [5]) as a moving reflector. For realization of 
this multiplication scheme it is necessary to have an 
extremely     high electron     beam     density     : 

copb=(47ie2nb/me)"
2 > co', where (O is a frequency of 

electromagnetic wave recalculated in the system of 
coordinates of moving beam front. As it was shown in 
[6] this anomalous reflection may be possible. It already 
was confirmed by experimental means in Khar'kov 
Institute for Physics and Technology [6] in a case of 
reflected front of dense plasma moving with 
respectively small (nonrelativistic) velocities in the 
medium or in waveguide of slow wave (in this a case 
in the relationship for cor it is necessary to replace c on 
phase velocity of such wave, vph«c). Namely one of 
this situations takes place in our case when the reflected 
electromagnetic pulse was so intensive that a laser 
resonator was destructed. It is well to bear in mind the 
well known from electrodynamics fact that along an 
extended inhomogenieties of index of refraction it is 
possible a propagation of waveguide mode [12] (for 
example slow E-wave). Laser radiation which 
propagates throw such region can be transformed and 
reflected by moving plasma jet (electron beam). So we 
have observed and explained very interesting nonlinear 
phenomena connected with transformation of laser 
radiation into slow wave and reflection (or inversion) of 
its front directly back by moving high density electron 
beam under self-focusing of laser beam and micro-self- 
channeling of directed energy micro flows [13] during 
laser spark discharge. 
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1. Introduction 

High power laser beam focused on a solid 
target creates a hot and a very dense plasma in a high 
ionization state. Due to the fast expansion the plasma is 
diluted before the recombination eradicates all the 
highly ionized ion species. Hence, at least part of ions 
has a chance to conserve the charge state acquired in 
the hot plasma core and carry it at a considerable 
distance away from the focus. There the ions can then 
be either investigated by means of particle diagnostics 
or they can be transformed in an ion beam suitable for 
various applications. Intense studies of laser-plasma ion 
sources LIS at present are motivated mainly by the 
growing demand for high current beams of multiply 
charged heavy ions for large accelerators e.g. [1], [2]. 
LIS can also be utilized for various technological 
purposes, like for a material modification, ion 
implantation, laser mass spectrometry etc. The subject 
of optimization of laser-plasma sources of multicharged 
ions are the maximum flux, energy and charge states of 
ions. 

The main goal of our investigations is to find 
conditions in which laser created plasma can be used as 
a stable source of highly ionized ions for various 
applications. 

2. Experimental arrangements 

The investigations presented in this paper 
were prformed using experimental systems at IP ASCR 
in Prague, Czech Republic and of IPPLM in Warsaw, 
Poland. As a driver the iodine laser PERUN at IP 
ASCR was used (X = 1.1315 urn, EL < 50 J, tL = 350- 
700 ps, IL ~ 1015 W/cm2, conversion to the 2nd and 3rd 
harmonics about 50%) [3]. The laser beam was focused 
onto the target with a parabolic mirror. The 
experimental system at the IPPLM in Warsaw was 
equipped with Nd: glass laser (k = 1.06 urn, 
EL<20J, tL = Ins, IL <10HW/cm2) [4]. An 
aspherical lens-ellipsoidal mirror illumination system 
was used to focus the laser beam onto the target. The 
use of parabolic or ellipsoidal mirrors with the hole in 
the center allows for ion measurements along the laser 
beam axis as well as target normal [5]. This 
configuration makes possible to extract a high current 

of multicharged and high energy ions in preference. 
The ion diagnostic techniques were based essentially on 
the time-of-flight method [6]. A cylindrical electrostatic 
ion energy analyzer (IEA) with a windowless electron 
multiplier was used to determine the distribution of 
particular ion species i.e. to determine the mass-to- 
charge ratios, energies and abundance. The ion 
collectors (IC) measures a time-resolved ion current 
signal, from which the energy-charge product and total 
charge carried by ions, as well as the ion velocity 
(energy) can be derived. Ion current pulses from the IC 
and IEA were recorded by digitizing oscilloscopes. To 
speed up the evaluation of IEA spectra the 
computational program WELAN was used [7]. 

3. Results 

The aim of our experiments was to test the conditions 
for obtaining maximum current of highly charged 
heavy ions at various experimental conditions, i.e., we 
varied the focus position versus target surface, laser 
wavelength (lco, 2co, 3a) and laser energy from 5 to 
40 J. 

> 

a 
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-0.10 

-0.15 

-0.20 

-/I 
" Ta47* li 

1.1 1.2        1.3 1.4 

time of flight, us 

1.5 

Fig. 1. Ion collector signal and IEA ion spectrum of Ta 
ions 
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0 12 3 
ion energy, MeV 

Fig. 2. Energy distributions of Ta ions. 

Typical examples of IC signal and IEA 
spectra with highly charged ions are presented in 
Fig. 1. The structure of the collector signal points of the 
existence of two (or more in other cases) distinct ion 
groups, corresponding to different mechanisms of their 
generation. Signals from IEA show the ion spectrum of 
ions for a given value of E/z = 80 keV ). The series of 
measurements with E,/z changing was necessary for 
obtaining the ion energy distribution for single value of 
laser energy. Example of the ion energy distribution is 
presented in Fig. 2. The charge state-ion energy 
dependence, average charge state as a function of the 
ion energy, and the percentage abundance of ion 
species were determined on the basis of Fig. 2. A 
typical group of highly charged ions appears at higher 
E,/z, it is pronounced at higher laser power densities. 
The maximum energy of ions increases with the laser 
power density. The ions with high charge state were 
found at all laser wavelengths within a relatively broad 
range of laser energies. Examples of the experimental 
results for different target materials [8] are presented in 
the Table : 

Element Zmax zfast F ^l, max 

[MeV] 
^i, fast 

[MeV] 
j 

[mA/cm2] 

Co 25 22 2.6 1.9 14.2 
Ta 48 42 7.7 2.3 22.8 
W 49 45 4.9 2.0 22.8 
Pb 51 40 5.1 3.3 8.5 
Bi 51 40 5.1 2.7 10.0 

The ion yield depends strongly on the focusing 
conditions. The optimum focus setting is defined as the 
focus position corresponding to the maximum ion 
current from the IC and to the highest charge state 
from the IEA. I was observed that the maximum charge 
state of the ions depends weaker on the focus setting 

than the IC current. There is a position of the target 
lying behind the true focus (aim in front of the target 
surface) which is most favourable not only for 
generation of the highly ionized particles but also for 
attaining a maximum yield of the ions. 

4. Summary and conclusion 

The present results proved the existence of 
highly charged ions with z > 50 in a far expansion 
zone. The highest ion energy up to about 9 MeV as well 
as maximum ion current density higher than 
- 20 mA/cm2 (in the distance about 1 m) were 
measured. The influence of the focal spot position on 
the maximum charge state and ion current density was 
stated. Extraction of ions perpendicularly to the target 
my improved the ion current density, for three times, at 
least [9]. 

Explanation of occurrence of the highly 
charged ions in a far expansion zone may be based on 
the mechanism of two temperature plasma expansion. 
With the two groups of electrons present the expansion 
is two fold. The expansion of the fast ion group is lead 
by the fast electrons. The ion with high charge states 
are guided through the dangerous recombination zone. 
This enhance the phenomena of charge state „freezing" 
and the ions originally present in the hot plasma corona 
survive. Shorter wavelength (< 1.315 (im) and shorter 
pulse length (< 1 ns) are appropriate for this purpose. 
The advantage of using a short intense pulse consists in 
its ability to produce keV plasma with small density 
gradient scale length. 

The laser produced plasma can serve as a 
potential source of ions for accelerator injection or for 
implantation. Construction of appropriate laser ion 
sources seems not be a principal but rather a 
technological problem. 
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