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FOREWORD

This volume is the first of five volumes which contain contributed papers that
were accepted by the Local Organizing Committee of the XXIII ICPIG for
presentation in poster sessions. These papers are to be listed in the INSPEC data

base.

The contributions were submitted in camera-ready form by the authors.
Therefore, the responsibility for the contents and the form of the papers rests
entirely with the authors.

The first four volumes have been arranged by topics, the sequence of which
corresponds to that of the respective poster sessions. The fifth volume is
comprised of 7late’ papers, those for which the authors registered after the deadline
for printing of their papers.

The texts of the invited talks are to be published shortly after the conference in a

special issue of Journal de Physique.

The editors would like to acknowledge the contributions of Mrs L. Fourmeaux,
Mr J.M. Barachet and Mr J.P. Chaucheprat in the preparation of these volumes.
The computer file of contributed papers and authors was prepared by C. de Peco,

and her careful execution of this task is gratefully acknowledged.

April 1997 The Editors

For additional copies of this publication, please contact :
M.C. Bordage, CPAT, Universit¢é Paul Sabatier, 118 Route de Narbonne, 31062
Toulouse cedex 4 France

Printed in France, in the Université Paul Sabatier of Toulouse , 1997
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Plasma-wall interaction in an oblique magnetic field

E. Ahedo

E.T.S.1. Aeronauticos, Universidad Politécnica, Madrid, Spain

1. Formulation of the model

This contribution describes the steady state, 1-
dimensional structure of a plasma immersed in a uni-
form magnetic field and interacting with an absorb-
ing wall biased to a non-zero potential relative to

the undisturbed plasma. Far from the wall it is as-

sumed that some weak collisional process accelerates
the plasma. This allows us not to include geometri-
cal effects that would lead to 3-D models inevitably.
Related works [1-3] will be discussed.

The wall is biased to a potential Uw relative to
the potential of the plasma at a certain reference
point far from the wall but still in the 1-D region,
and the plasma is magnetized by and external, uni-
form magnetic field, B = By(1, cosy+1, sinv)). The
self-consistent electric field, E = —1,dU /dz is part
of the solution. The spatial structure of the plasma
consists, basically, of an external quasineutral region
or presheath and a space-charge sheath attached to
the wall. The plasma dynamics are described by a
set of macroscopic equations; it can be shown that
there exists a conservation law related to the total
momentum along B (and a second one in the colli-
sionless regions). Some boundary conditions far from
the wall cannot be properly fixed without matching
the 1-D region with a most external 3-D region that
would include the global geometry of the wall, but
fortunately, the asymptotic behavior of the plasma
in the 1-D region can be known just by assuming
that the velocity of the attracted species, 17, goes to
0atz = —oo.

Three length scales appear in the plasma response:

the collision mean free path, A, the magnetic gyro-
radius, A;,, and the Debye length, A;. Here, only
weakly collisional plasmas, Ay €« A, are consid-
ered, but we let A,;, o< 1/Bg to take any value. The
non-dimensional plasma response depends on five pa-
rameters: Aem = Aef/Am, Adm = Aa/Am, ¥, dw =
lqUw!/T, and T/T,; T and T, are the temperatures
of the attracted and repelled species, respectively.

i) Aem and Ay (with A > Agr), both pro-
portional to By, measure the strength of the B-field
relative to the E-field in the quasineutral and non-

- neutral regions, respectively; therefore, these ratios
indicate whether the plasma motion in the incidence
plane, Ozz, tends to be along the B- or the E-lines.

ii) As the incidence angle, 1), increases, the E and

B directions diverge and the competition between
both fields to govern the direction of the plasma mo-
tion, is more dramatic; the ExB drift (along Oy)
increases with 1, also.

iii) The wall potential, ¢w = |gUw|/T, appears
in the equations as a boundary condition only; con-
sequently, the structure of the external region is in-
dependent of ¢w, and the solution to the plasma
equations is universal for any ¢ .

iv) The temperature ratio, /T, affects the pres-
ence of repelled particles in the sheath, and the plasma
velocity at the entrance of the sheath (that is related
to the plasma sound velocity, Cs).

2. Structure of the plasma region

Sketches of the plasma structure for different ran-
ges of magnetic field strength and wall potential are
drawn in Figures 1 and 2. The transition between
two regions is defined by particular sonic conditions
on the plasma motion. Except in one case, the equa-
tions correspoding to each case and each region can
be integrated with simple and standard methods.

2.1. Case Ay = 00y, Agmn — 0

In this double limit the equations clearly define
three different plasma regions. It corresponds to an
intermediate magnetic field, very strong compared
with the diffusion E-field, and very weak compared
with the space-charge E-field. The plasma structure
consists of

a) a B-aligned presheath: it extends from V,, =0
to V, = Cscosyp (point C), where A dV, /dz — o0;
due to the strong B-field, the plasma motion is along
the B-lines and there is not ExB drift;

b) a Chodura layer[2], collisionless and quasi-
neutral: it extends from point C to V, = Cs (point
S), where A, dV; /dz — o0; its typical thickness is A,
here the stronger E-field is able to drift the plasma
towards its direction and to produce an ExB drift.

c) a space-charge (Debye) sheath: it extends form
point S till the wall; its typical thickness is Ay mag-
netic effects are negligible in it, the plasma motion
is dominated by the strong E-field.

Notice that the Chodura layer is a transition re-
gion to accommodate the external and near-to-the-
wall plasma motions, chanelled by B and E, respec-
tively. This explains that there is no Chodura layer
at normal incidence, ¥ = 0, when points C and S
coincide.
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2.2 Case A = O(1)

For weaker magnetic fields, when the limit A, —
0 is not a good approximation, the plasma structure
consists of a presheath, that extends now until point
S, and the Debye sheath. Point C is no more a sin-
gular point of the equations, and the Chodura layer
disappears as a well-distinguished region. However,
while A, < O(1), the characteristics of the plasma
motion do not change very much. The ratio V,/V,
increases with both A} and ¢, but the ExB drift is
maximum for A,,. ~ 1. The presheath typical thick-
ness is Ac(AZ,, + cos?)/(A2,, + 1). For Ap: > 1,
magnetic effects are negligible, of course, and the
whole plasma fleld is along the E-lines.

For the particular case of grazing incidence, 1 ~
/2, the ExB drift is the main component of the
plasma motion when Acp, > 10 Vy/Vp ~ Aep. A
consequence is that the limit A, = oo does not

make sense: there is not B-aligned presheath and

there is no solution of the Chodura layer equations.

2.3 Case Ay = 0(1)

Here, point S is no longer a singular point, so
the Chodura layer and the Debye sheath disappear
as separate regions, and formed a single magnetized,
non-neutral sheath, that matches with the presheath
at point C. The plasma, that comes into the sheath
aligned with B, is forced to drift in the E-field di-
rection, but this drift is only significant while Ag4,, is
small. There is also an ExB drift, that is maximum
for Agm ~ 1.

2.4 Case ¢ow > 1

In all the preceding cases we have implicitly as-
sumed that ¢w = O(1). When ¢ > 1, the struc-
ture of the space-charge sheath can be further ex-
plored. Except for a thin supersonic layer, where
¢ ~ 1, thermal effects can be disregarded in the
sheath. We have then a hypersonic (or cold-plasma)
sheath, that admits an analytical solution, that is
especially interesting for Agm < 1 due to the chang-
ing features of the plasma behavior within it, Figure
2(a).
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Concentration and transport coefficients in plasma out of thermal equilibrium
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Introduction

The determination of the concentrations and
transport coefficients are often nceded in plasmas out
of thermal equilibrium. In these plasmas, several
temperatures can be defined: excitation (diatomic:

7% monoatomic: 7.2'), vibrational Twﬁ“t, rotational
T .

diat -
T .. > heavy species

o » translational (electrons
T,,)- To determine the concentrations two methods

are widely used : one is based on the Gibbs free energy
minimisation {1] and the other on the chemical kinetic
{2]. In this paper we compare the resuits of
composition and transport propertics obtained by using
these two methods.

Composition calculation

Concerning  temperatures, the following

assumptions have been made:
at diat diat

Tax = Tex Ay = 6. Ttrh and Trot = Ttrh‘

Therefore the plasma has two temperatures and the
parameter 8 characterizes the thermal desequilibium.
If temperature and pressure are kept constant during
irreversible transformations, the equilibrium is
reached when the Gibbs free energy is minimum (
GFEM). So with others equations (electrical neutrality
and species conservation) the composition evolution
with the heavy species temperature can be determined
[1]. Figure 1 shows the composition of a pure nitrogen
plasma at atmospheric pressure and for a thermal
desequilibrium ¢ =15. In the case of the pseudo-
kinetic method (PKM) the chemical equilibrium is
reached when the following relationship is verified [2]

(k}\ o ,
lﬂb;TJﬂ\{Hn, )zln(K,(T))whereu,. are the

stoichiometric coefficients difference of ith species for
1 reaction; n;, is the concentration of species i; k‘li and

k,.l are respectively forward and reverse reaction rate
coefficients of chemical reaction / and K,(T) is the
equilibrium constant of chemical reaction /. This latter
is calculated at thermal equilibrium. With the above
relationships, the species concentration can be
determined in a plasma out of thermal equilibrium.

Each rate coefficient k; or k,.I was cither dependent of
T, or T, or of both temperatures [1]. The

temperature range was chosen between 1,000 and
11,000 K to account for the presence of ionized
species. Comparison of figures 1 and 3 shows that
with the PKM method dissociation occurs at lower
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Fig. 1. Gibbs free energy minimisation (¢ = 15).

10°

107}

Concentration (m™ 3 )

10}

10

1000 3000 5000 7000 9000

11000

Heavy particlo temparatura (K}

Fig. 2: PKM with cach rate coefficients calculated at
one temperature 1, or I, (6 =15).
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Fig. 3: Pseudo kinetic method with rate coefficients at
two temperatures (6 = 1.5).

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




temperature 4,500 K against 6,500 K and ionizations
of N and N, are delayed to higher temperatures. When
comparing both PKM curves dissociation occurs at
lower temperature (in Fig.3) because the reaction rates
are calculated at T, against T, for Fig.2.

Transport properties

The transport properties have been then
computed using the method of Sonine’s polynomial
expansion of the first order Chapman-Enskog
approximation - of Boltzmann’s equation. Since
electron mass is by far smaller than that of heavy
species, the hcavy-species Boltzmann equation was
decoupled from that of the electrons. Therefore the
electron and heavy-species transport properties were
calculated independently following the method of
Devoto [3,4].

Beside, for thermal conductivity were
calculated the internal conductivity by using the
method of Eucken [5] and the reactional conductivity
by using a method similar to that of Butler and
Brokaw but modified to account for two temperatures
[6]. The requested derivatives of species composition
were calculated by numerical derivation in case of
pseudo kinetic method.

When looking at the viscosity p (Fig.4) as
ionization starts at lower temperature with the GFEM
the maximuim of p occurs at 7,000 K against 10,000-
11,000 K in the other cascs. The slight differences are
mainly due to the delay in dissociation with PKM at
6=1.5. Fig.5 showing thermal conductivity exhibits the
same tendencies. Dissociation peak at the same
temperature for equilibrium, PKM corresponding to
Fig.2 and GFEM at 6=1.5, ionization peak at lower
temperature (10,000 K) for GFEM at 6=1.5 (compared
to equilibrium and PKM calculations. A similar
behavior is seen for the electrical conductivity (see
Fig.6) in good correlation with ionization behavior.

Conclusion

We have calculated the composition of a
multi-temperature nitrogen plasma by a Gibbs free
energy minimisation and kinetic methods. Then, the
transport properties were obtained. A few difference
especially for dissociation and jonization can be seen
between the results obtained with both methods.
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of the upward atmospheric discharge.

L. P. Babich, I. M. Kutsyk, A.Yu. Kudryavtsev, A.L. Mozgovoi
» Russian Federal Nuclear Center-VNIIEF,
Mira st., 37, Sarov, 607190, Region of Nizgnii Novgorod, Russia.
Phone: 7-831-30-15041.E-mail: babich@expd.vniief.ru

1. Introduction.

Roussel-Dupre and Gurevich have developed a theory
of gigantic atmospheric discharges directed upward
from thundercloud tops into the Earth’s stratosphere
[1]. Formation of relativistic runaway electron
avalanche initiated by cosmic-ray showers within the
space domain of a thunderstorm electric field, is the
heart of the theory. The theory allowed to treat the
origin of wide columns of light radiance observed
repeatedly above thunderclouds. These light
phenomena are known as “blue jets” emitted blue light
at altitudes below 35 km, and “red sprites” emitted red
light at altitudes above 60 km. Roussel-Dupre and
Gurevich have pointed out that geomagnetic field
affected essentially the dynamics of gas discharge
. processes responsible for the light emission phenomena
observed, especially at high altitudes above 40 km,
where electron - neutral collision frequency is reduced
to become lower than local value of the electron
cyclotron frequency due to lower air density [1].
However the theory of the upward atmospheric
discharges developed by now by Roussel-Dupre,
Gurevich, Tunnel and Milikh, did not incorporated
adequately the effect of geomagnetic field [1, 2]. So
this problem remains to be solved. Results of the first
calculations carried out with the aim to evaluate the
effect of the geomagnetic field on the development of
the relativistic runaway electron avalanche, are
delivered in the present communication.

2. Model.

The approach adopted is to simulate a trajectory of a
tested runaway electron moving under the joint action
of three forces: accelerating electric force -eE,
decelerating retarding force -F(g)p/p arising due to
interactions of electrons with molecules of the
background air, and the Lorentz magnetic force Fr=-
e[vxB] bending electron trajectory. Here p and v are
the vectors of electron momentum and velocity, e is the
elementary charge, the electric field intensity E is
directed against to the direction of the electron motion
p- The energy dependence of the absolute value of the
retarding force F(g) was calculated from the relativistic
Bethe formula for electron energy losses per unit path
[3], available as well at [2]. Preliminary Monte - Carlo

calculations were carried out without magnetic field.
The code used incorporated as well the elastic
scattering of electrons by shielded coulomb potential of
the atomic nucleus. These calculations were performed
with the aim to estimate the minimal (threshold) energy
& for secondary electrons to become runaways at a
given electric field intensity and neutral particle
number density of the air. It was convenient to
introduce the “overvoltage” above the relativistic
minimum of the retarding force F;, which exists in
the vicinity of the electron energy ¢ ~ I MeV, as 6 =
eE/(FinxP). In the air Fiyj/P ~2.18 keV/em/atm.

3. Calculations and results.

The results of calculations obtained for three values of
the “overvoltage” & are presented in 7able 1.

Table 1
S 1.5 2.0 3.0
&, MeV 1.3 0.6 0.2

This range of & was adopted due to exactly it
corresponds to the electric field intensity at high
altitudes above thunderstorm cloud arrays [1]. The
calculated values of the threshold energy &, were used
as initial energies of electrons in the subsequent
simulations of their trajectories in geomagnetic field.
Calculations indicated that the process of relativistic
avalanching at high altitudes is governed by relation
between the vertical B, and horizontal B, components
of the geomagnetic field inductance. The characteristic
values of the ratio B./B, realized at different latitudes in
dense lower layers of the Earth’s atmosphere where
thunderstorms are raging, imply to consider two
important cases.

The low latitude equatorial range was the first case.
The approximate equality B; ~ 0 is valid there. In this
domain a possibility for the avalanche of relativistic
runaway electrons to develop at a given altitude A
depends on the relation between local values of electric
field intensity E and inductance of the geomagnetic
field B. Either upward acceleration of electrons or
strong bending of their trajectories with subsequent
deceleration down to thermal energies are possible.
Approximate value of the critical altitude A, at which
electrons are thermalized, can be evaluated from the
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obvious relation = eE/Fy =~ 1. Here the local electric
force equals to eE = OxFpnxexp(h/he) with Fpiy =
2.18 keV/em at the sea level (h = 0, P = 1 atm) of the
Earth atmosphere and a scaling value of the altitude 4,
=~ 7 km. The Lorentz force for relativistic electrons (v
¢) equals to F; ~ecB,. The idea proved to be valid: 77 ~
0.85 - 0.95 were computed. In the considered range of
“overvoltage” & from 1.5 to 3 and 5 = 1.5 electrons
appeared to travel upward along almost linear
trajectories, with the average value of the cosine of the
angle @ between their velocity v and the upward
directed axis z being calculated as large as <cos &> ~
0.8. At n <1 electron trajectories stopped short. The
length of the trajectory was calculated to be too small
for the production of secondary electron with the
energy above the threshold &y. sufficient for it to
become runaway. As a result multiplication of runaway
electrons terminated. The intermediate case /<77 < 1.5
can not be described adequately in the framework of
the approach adopted here. However it is worthy to
note that the range of the altitudes 4h =~ 2.8 km
corresponding to these values of 7, is essentially less
than the values of the altitudes considered (4h << h.;),
thus indicating that the relative accuracy of the
calculated altitudes A, to be rather high. Table 2
demonstrates the values of A, calculated for B,=35 uT
and the above values of the “overvoltage”.

Table 2. B,=35 uT
5 1.5 2 3
Frer, km 24 265 30

The effect of elastic scattering of electrons was studied.
Adequate calculations showed that at 7 > 1.5 the
course of the atmospheric discharge is very much like
that in the absence of the magnetic field. In the case of
n < 1.5 the small - angle elastic scattering, that
constitute the largest portion of all scattering events,
did not change the topology of the trajectories. On the
other hand estimations performed show very low
probability of those large - angle scattering events that
lengthened electron trajectories and therefore were able
to increase the probability of a secondary runaway
electron production. The above approach did not take
into account that threshold energies of secondary
electrons &y, were calculated without magnetic field.
The effect of the geomagnetic field increases &y and as
a result decreases the probability of a runaway electron
to be produced. However the above consideration and
results appeared to be valid even for threshold energies
&p two times higher than the values presented in Table
1. Naturally in those regions of moderate latitudes
where the vertical component of the geomagnetic field
is so small as B, << B, the runaway electron avalanche
develops in the same way. '
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The regions of moderate latitudes (Alaska, Kanada,
Russia) with B; 50 uT and B, =~ 15 uT was considered
as the second case incorporating efficiently both
components of geomagnetic field. At these latitudes the
effect of the geomagnetic field on the runaway electron
avalanche differs very much from the first case on
account of the vertical component B, is essentially
larger than horizontal one B,. Calculations incorporated
this field did not reveal any its influence on the
development of the relativistic runaway avalanche in
the range of the “overvoltage” & considered. The
average value of the cosine was calculated to be
<cos@> 2> (0.9. When the ratio B,/B decreases the
direction of the avalanche propagation deflects from
the vertical line toward the vector of the geomagnetic
field inductance (<cos@> =~ B,/B). The temp of the
avalanche development slows down. It is reasonable to
introduce the effective “overvoltage” as der= Sx(B,/B).
A special consideration is necessary for this case. It is
beyond the framework of the present communication.

4. Conclusion.

The effect of the geomagnetic field on the development
of the relativistic runaway electron avalanche produced
by thunderstorm electric field, appeared to be rather
pronounced.

(1) The upper altitudes to which the avalanche of
relativistic runaway electrons is able to propagate, are
determined by the ratio of the thunderstorm electric
field intensity to the local inductance of the
geomagnetic field £/B. Roussel - Dupre and Gurevich
supposed that the altitude is limited by the ratio of the
electron elastic collision frequency to their local
cyclotron frequency [1].

(2) The limit values of the altitudes allowing the
propagation of relativistic runaway electron avalanche,
were evaluated for different Earth’s latitudes. The
results allowed to predict the occurrence of a certain
kind of light phenomena related to the gigantic
discharges directed upward from the tops of
thunderstorm cloud arrays.

(3) Most likely the “red sprites” are absent for
thunderstorms occurred nearby to the Earth’s equator.
Both “blue jets” and “red sprites” are produced by
thunderstorms occurred at moderate latitudes. Either
types of phenomena can be observed at these latitudes.
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Evaluation of runaway electron avalanching.

L. P. Babich, I. M. Kutsyk.
Russian Federal Nuclear Center-VNIIEF,
Mira st., 37, Sarov, 607190, Region of Nizgnii Novgorod, Russia.
Phone: 7-831-30-15041.E-mail: babich@expd.vniief.ru

1. Introduction

To treat gigantic discharges directed upward from the
top of thunderclouds, and possibly to explain the onset
of the conventional contracted lightning, Gurevich,
Roussel - Dupre, Milikh, and Tunnel [1, 2] have
proposed and substantiated a hypothesis of relativistic
runaway electron avalanches able to develop in a rather
weak (in comparison with the conventional laboratory
self-breakdown value) thunderstorm electric field. For
the avalanches to develop the intensity of the electric
force eE should be over the relativistic minimum of
electron energy losses per unit path L, that exists in

the vicinity of electron energy £~ 1 MeV. To describe
the evolution of the runaway electron avalanche and
calculate a rate of a runaway electron number increase,
Roussel - Dupre et. al. have solved Boltzmann kinetic
equation [2]. Results obtained infer the simplest
approach assuming one-dimensional motion of
electrons, is reasonable to evaluate rather accurately
characteristic values of the avalanching process
without solving the kinetic equation. Exactly such
mode! underlies the present communication delivering
results of computer simulations of the relativistic
electron avalanche in the air of atmospheric density.

2. Model

We considered a beam of monoenergetic electrons with
the energy g, propagating in the air of atmospheric
density along the direction of the electric force -eFE
under the joint action of electric -eE and retarding
forces F(g) xp/p, with the absolute value of the last F(g)
being described by Bethe formula for inelastic electron
energy losses L(g) [3]. Here e > 0 is the elementary
charge and p is the runaway electron momentum. To
characterize the intensity of the external electric field
an “overvoltage” 8 = eE/F,;, over the relativistic
minimum of the retarding force Fi, = 2.18 keViem
(normal conditions) was introduced [2]. Secondary
electrons are produced with energies within the range
[0, &/2]. The less is the energy of a secondary electron
& the larger is the angle & between momentum
directions of primary and secondary electrons (8 = /2
for ¢ = 0). The angle is coupled with the energies &)
and € as follows 8 = [(&/gg) x(2mc2+£9)/(2mc2+g) ]172

- [2]. For any given “overvoltage” & and the energy of

the primary electron g, there is a minimum (threshold)
energy of secondary electron &y, and corresponding
to it 6y, such, that secondary electrons with the

energy £ > &pin are accelerated to be involved in the
runaway electron avalanche. The others are decelerated
down to the low-energy range to get an equilibrium
with neutral particles of an ambient gas. The
differential ionization cross section oy £ allows to
calculate the cross section for the production of
secondary runaway electrons

£y/2

G(E0rEmn) = | Tuye(6:€, )de.

Emin

The adequate free path of electrons [j(gp, &nin) =
1/(Ngj) characterizes the length of e - fold increase of
runaway electron number for a given atomic number
density of the air N = 2N where N =2.7x10" cm™ is
Loshmidt number density. We used Moller formula for
Oy [4] available as well at [2] or [5].

2. Results and discussion

Calculated values of Gpin, &min, and li(ep, &min) for the
“overvoltage” § = 2 and a variety of g are presented in
Table I below. One can see that [; = 16 - 24 m for the
energies ranging from 0.5 up to 10 MeV. At 6 = 2 a
runaway electron with the energy &, acquires along
the distance 20 m the energy 4.4-MeV which is within
the energy range considered.

The characteristic time for e - fold increase of the
number of runaway electrons in the runaway avalanche
is defined as 7; = /y/v » /Noc provided that runaway
electrons are of relativistic energy range (v ~¢). For /;
= 16 - 24 m the calculated time 7; = 55 - 66 ns is more
than four times larger than the value ;7 ~ 14 ns
reported by Roussel - Dupre et. al. [2].

Table 1 (5=2)

£ " Bmin Emin li
MeV rad keV m
0.50 0.920 . 149 28.07
0.75 0.994 156 22.60
1.00 1.035 160 20.82
2.00 1.104 167 18.76
4.00 1.150 171 18.00
10.00 1.170 175 17.60
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Table 2 below demonstrates that calculations carried

out for the “overvoltage” value equal to § = 5, gave the
same discrepancy.

Table 2 (5=15)

£ Omin Emin li
MeV rad keV m
0.10 - 0.890 39.0 6.14
0.20 1.070 42.0 4.23
0.40 1.175 46.5 4.66
1.00 1.260 495 5.03
5.00 1.330 51.0 4.80
10.00 1.340 52.0 3.92

We calculated that a deflection of the runaway electron
momentum p into the angle range 30<50° from the
direction of -eE does not result in essential increase of
the cross section for the production of secondary
runaway electrons oj.

There is one more hypothetical reason, namely, the
large angle elastic scattering of electrons, that possibly
able to decrease 7;. There is a chance that electron with
an energy below gp;, at the initial portion of its
trajectory will suffer a large-angle scattering to be
deflected in the direction of the electric force -eE and
to become runaway. We emphasize that it is necessary
for the scattering to be happened exactly at the
beginning of the trajectory and the deflection to be
occurred at the given angle and the direction wanted.
The probability of such event is extremely low due to
stochastic nature of the scattering process which tends
to generate isotropic distribution of electrom
momentum and increase entropy of the electron

assembly in general. Even if such event is supposed to
be happened and o; is calculated with the lower limit
Emin = 110 keV, which at § = 2 is the runaway energy
threshold for @ = 0, than for gy = I MeV one obtains
only unessential decrease of /; and z; down to /3 m and
43 ns respectively.

The above arguments indicate that the large angle
scattering only hampers for electrons with energies
above &y, to become runaways. Preliminary
calculations support this conclusion. Elastic scattering
in general only increases the value of 7;.

4. Conclusion

Presently we are not able to explain the cause of so
large discrepancy between results presented here and
those reported by Roussel - Dupre et. al. [2]. We
believe that it is not only due to more accurate
approach adopted by Roussel - Dupre et al. Careful
study of the discrepancy is urgent on account of
laboratory experiments are being planned to study the
avalanche of runaway electrons in the air.
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On the ellipsoidal model of streamer in longitudinal magnetic field
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Electrical breakdown in gases with external magnetic
field is interesting due to arising possibility to control
the discharge dynamics [1- 4]. The effect of the ex-
ternal longitudinal magnetic field with Hy Il Ey on the
electron avalanche evolution and the breakdown for-
mation time #r was studied by Mitani and Kubo {1]
and Omarov, Rurhadze and Shikhaev [3]. Here H,
and E, are vectors of external electric and magnetic
field intensities. In the present communication an at-
tempt is undertaken to consider a problem of the
streamer propagation in longitudinal magnetic field.
The consideration is carried out in the drift approxi-
mation in the framework of the mathematical model
developed by Lozanskii and Firsov [5] for the case of
Hy = 0. The presence of the magnetic field leads to a
necessity to take into account finite plasma conduc-
tivity at the streamer front. Therefore the Laplace
equation for the scalar potential of the electric field
@(r,t), adopted by Lozanskii and Firsov, is not suffi-
cient. Adequate approach should proceed from the
conductivity .equation for the total current

div(j-&2 VD) = 0, ’ )

where j is the conductivity current density. The
streamer surface is defined as a some surface (? )
confining a plasma with a high conductivity and low
electric field (E << Ep). Lozanskii and Firsov adopted
the following boundary conditions on this surface

D(T) =0, 2)
do/dt | T =0 3

Exactly nearby to (T ) a transient sheath exists, where
the electric field intensity achieves its maximum value
Emax. It is permissible to neglect the bias current even
at the nearest proximity of some surface ( T ), where
E(r) = Epnu T ). Really, let at the vicinity of the
streamer edge a small portion & << 1 of the maximal
value of the electric field energy density in front of
the streamer surface 8()(E,,,ax)2/2, was delivered to the
gas. Here E, . = E, = Eo(a/r)z/A, with A being a
form-factor weakly depending on a/r ratio [5], 2a is
the length and 2r is a diameter of the streamer, E a is

the electric field intensity at the streamer edge. Then
the following estimation seems Lo be reasonable

J/ jais= e ne i B/ & (OE,/ ) ~
= 52 e & Eaz He a/2(+T, )89 2 Ey a =~
~ 8% e Eya/ 4(eu+T.)] (alr).

Here n, and T, are the electron number density and
“temperature”, €, is the energy “price” of ionization
event, and [, is the coefficient of the electron mobil-
ity. On account of both eE, a/4(e, + T,) and (a/r)?
>> |, the inequality j/jz;; >> I is valid provided that
& is sufficiently small to neglect the field variation,
that is, 8F, << E,. For instance, in the air at atmos-
pheric pressure (Ep > Ey= 30 kV/em, a= | cm, €, =
30 eV, T, << g;,) the ratio eEpaf4(ey, + Tp) > 100 is
realized. For instance, at 82 = 102 the inequality j >>
Jais 18 realized due to (a/r) 2551 in spite of the field
intensity reduces only on 10% relative to its maxi-
mum value.

So the equation (1) is reduced to the equation for the
potential between the surfaces T and T ; provided
that j >> j, and cylindrical symmetry of the problem
are taken into account

1
4O+ ——————— AD=0. )
I+ (wee/ Ven)2

The boundary condition (3) nearby to the streamer
edge (p — 0, z — a) is reduced to

1

BB+ [(A, D) + —
LE[( ‘ ) 1+((Dcc/Ven)2

L@ = 0. (5)

Here z T4 Ey p LEy and w, = yye Hy/m is the
electron cyclotron frequency, and v, - is the fre-
quency of electron collisions with neutral particles.

Equations (4) and (5) written in coordinates z, y = p
((ce /Ven )2 +1)°'5, have the same presentation as at
Hy = 0 (see [5]). As a result &p, z, t}) = ¢z, t)-
(pzzpz/ll,, where ¢fz, t) = @0, z, t), is satisfied nearby
to the streamer edge, so that the following relations
deduced by Lozanskii and Firsov [5], still remain to
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be valid even in the case when the external magnetic
field is incorporated

a=u.0at) 6

[Q at) ofat) - oat) @ fat)] g (at) =
-t Q@) (@ 1) (a1)-2 pfat)] = 0. @)

Following the procedure adopted by Lozanvskii and
Firsov 5] to calculate radius of the streamer edge
Rl -y, 2=, With Hj being taken into account, it is easy
to deduce from (6) and (7) the following equation

dR 2

= (pz(a't)(puz(a’t) _
da 1+ ((Dcc/Ven)z 2] (8)

92 (at)

The equation of the streamer surface follows from the
condition (2)

& E2/(1+0l/v2)+E
oa E.E,

, ®

At Hy = 0 this equation approximates with a suffi-
cient accuracy the surface of the rotation ellipsoid
with the exception of some domain nearby to z = 0
[5]. For a streamer to develop, the form of its surface
in the vicinity of its edges (p = 0, z = %a) is of cru-
cial importance. This was the reason why Lozanskii
and Firsov adopted the ellipsoidal streamer model for
which the right-hand side of equation (8) equals to
zero. It is obvious, that inequality dR/da 2 0 is satis-
fied independently on the form of the streamer sur-
face,. that is the surface of the ellipsoid is the limit
case. In the case of weak magnetic field, when in (9)
(0e/Ver)? << 1, the ellipsoid model is valid, and
dR/da = 0. This case corresponds to experiments car-
ried out by Omarov, Rukhadze, and Shikhaev [3],
who obtained that in nitrogen the breakdown forma-
tion time f almost does not depend on Hy for the
values lower then a certain H; depending on (E, P).
In these experiments the cyclotron frequency @..(H;)
was almost equal to v,, in the molecular nitrogen of
atmospheric density. As Hj increases, the surface de-
scribed by (9), differs essentially from the surface of
the ellipsoid. The equation (8) predicts that the radius
of the streamer edge R is a decreasing function of the
magnetic field intensity Hy increase. This corresponds
to the decrease of the breakdown formation time f in
nitrogen (dty /dHy < 0) measured by Omarov, Ruk-
hadze and Shikhaev [3] when the magnetic field in-
tensity was increased at Hy 2> H; This was due to the
velocity of the streamer propagation is determined by
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electric field intensity in the vicinity of its leading
edges

a =4, p{a,t)= a/R(Hy). (10)
Therefore in strong external magnetic field, when the
inequality @, = v,, is satisfied, the ellipsoid model of
a plasma streamer with the ideal conductivity fails to
be valid. The equations (8) and (9) predict the in-
crease of the probability for narrow contracted chan-
nels to develop in longitudinal magnetic field.

Due to the action of the Lorentz force in magnetic
field charged particles obtain a transverse component
of the velocity [6]

uy = e[E,Hyl/m oy o Hy(1+m eqzvz/m Za)a,z), (n
Here m,, is the equivalent mass. In the result a circu-
lar current is generated, with its density being equal
to zero at z = 0, # a and to maximum values on two
circumferences, where E, = E,"*. The current direc-
tion does not depend on the carrier sign and is oppo-
site for the anode and cathode halves of the streamer
on account of opposite directions of E,,.

It was shown above, that in strong longitudinal mag-
netic field the streamer surface essentially differs
from that of ellipsoid. A consequence is reduction of
the curvature radius of the streamer head in a mag-
netic field and increase of its propagation speed. It is
displayed in reduction of the breakdown formation
time as the magnetic field intensity is increased.
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1. There is a considerable interest in the creation
of vibrationally excited H: molecules because of
their application to plasma chemistry, H™ sources
etc.. It was shown previously [l1,2] that a low-
voltage (1.V) discharge in Cs-H; mixture might be
used as an effective source of vibrationally excited
H; molecules and H™ ions, H™ ions being created
due to the dissociative attachment (DA) of heated
thermal electrons to vibrationally excited H;
molecules [3]. In the present communication, the
new theoretical results, concerning the creation of
excited H; molecules in this kind of the discharge,
are reported. It will be shown that vibrational
distribution function (VDF) of H, molecule may be
significantly improved if vibrational excitation
occurs Iin a moving C]‘;lux of H: molecules
penetrative through LV Cs-H; discharge.

2. The following theoretical model is considered
(see Fig. 1). H; flux flows between two plates and
passes through two sections one after another, The
first section (1) is a discharge one, where LV Cs-H,
discharge occurs and vibrationally excited H,
molecules are created. In the next section (II) the
excited hydrogen flows in a plane channel, which
walls are unheated. The very significant
intensification of H; high vibrational level
population takes place at this section due to
“Treanor diffusion” [4] of vibrational quanta up to
high vibrational levels. At the exit of a channel
(x=h) H; flux flows out with a sound velocity V; .

3. The system of balance equations [l] was
solved for the determination of H; VDF f£{0)
formed in LV Cs-H; discharge, i.e. in the first
section (x=0). L

U ‘“Fzﬁm?&mo

i K
X

Fég;f | h

The following processes were taken into account: e-
v exchange, v-v exchangev-t exchanges with
hydrogen molecules and atoms, v-v transitions
due to the interacton between excited H;
molecules and Cs atoms and due to the H™
stripping, the destruction of H; molecules due to
DA and reverse process - creation of excited H;
molecules due to the associative detachment, the
vibrational relaxation of H; molecules at the
electrode surfaces. The Cs-H; plasmain LV

discharge was considered as uniform one. The
plasma parameters were determined by means of
self-consistent solution of the system of the
equations which describe the vibrational kinetics
and the conservation of particles and energy in the
discharge gap [5]. The calculated H; VDF £40) in
the LV discharge is shown in Fig. 2. VDF is
normalized to unity. The LV discharge parameters

are as follows: H, concentration N‘;}Z = 31016 cm 3,

(0

whole Cs concentration N 101 cm?,

interelectrode distance L.=0.3 cM; cathode emission
current j, = 10 A/em?, discharge voltage U=6.9 V.
The calculated electron temperature and
concentration are: Te = 0.7 eV, n. = 6.4-105% ¢cm-3,

4. The decrease of Ha concentration in the
channel of section II due to the diminution of
pressure was taken into account. The relations,
which describe the gas flow in section II, were
obtained by means of the consideration of
compressible viscous gas flow between two parallel
plates, The length h of a channel was determined in
such a way that a maximum possible value of the
high vibrational level population took place at the
end of a channel. In the example, which will be
discussed here, this level will be chosen asv = 10,

VDF of H; molecules was calculated by means
of the following set of equations:

AN T)_ [N+ TGN+
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(v,v =0,1,2,... 14).

The right-hand terms in (1) describe v-v and v-t
exchanges between H; molecules and H;
vibrational relaxation at the wall surfaces [6]. T =~
L¥Dyy , where Dy is H; self-diffusion coefficient.
The results of calculations are shown in Fig.
2,where VDF f(h) at the exit of a channel (x=h) is
depicted. In Fig. 2 the function

WT)=Ke (TORHY Y Ko (TeHi(H), @)

which gives the probability of H™ generation due to
the DA of electrons to H; molecules excited at the
level v, is also depicted. Here K(T,) are the rate
constants of H™ generation due to the DA of
electrons to vibrationally excited v levels [7]. One
can see that, indeed, very significant increase of
VDF exists for v=6-10 because of the vibrational
quanta diffusion up to high v in a cold channel. It
may be seen by means of the curve v, that the
increase of VDF at the exit of a channel occurs just
for such levels, which are the most essential ones in
the process of DA. In Fig. 3 the distributions of the
concentrations Ny(x) of vibrationally excited Hj
molecules in the channel of section II are shown,
the dotted lines being the results of calculations
without surface deexcitation.

The proposed method of the creation of Hy; VDF
may be utilized, in particular, in two-camera H~
sources, where the processes of Hj, vibrational
excitation and H~ generation take place in the
different gas volumes.
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THE NEAR WALL SHEATH-PRESHEATH TRANSITION IN AN
OBLIQUE MAGNETIC FIELD
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Tel Aviv University, P. O. B. 39040, Tel Aviv 69978, ISRAEL

1. INTRODUCTION

The plasma-wall transition layer, generally, consists on
two region: an electrostatic sheath and near sheath
quasi-neutral plasma (presheath) [1]. In the presheath
the conditions for the electrostatic sheath existance are
formed. These conditions connect with ion velocity and
electric field at the sheath-presheath interface. In the
case without magnetic field the ion velocity can be
smaller than the Bohm velocity [2,3]. The consistent
solution of the sheath and presheath without magnetic
field was also considered by Valentini [4]. The

magnetic presheath was studied for floating wall case

[5,6] and current carried wall case [7], and magnetized
sheath was analysed by Holland et. al. [8]. ' '
In the present work we develop a model of the plasma-
wall transition layer which includes sheath and
presheath in a magnetic field obliquely incident to the
wall. In contrast to the works [5,6] the general current-
carried presheath model without assumption about
electron distribution function will be used.

2. MODEL.

Presheath. The magnetic field intersects the wall with
angle 6 (Fig. 1). It is assumed that the presheath region
is quasi-neutral i.e. Z;N;=N=N. In the present mode]
the effect of jon collision with heavy particles is
approximated by the effective collision frequency v, of
ions with neutral particles, assumed to be a background
distributed uniformly in the presheath [6,7]. The
plasma parameter distribution in the presheath may be
described by the following two-fluid equation system:
VN V=0 (D)

myV;-VVi=eN(E+V;xB) - VP/N- vam; Vj
HieMme(Ve-Vi) (2

0=-e(E+VexB) - VP/N- veime(Ve-V)) )

where o =e, i; Vj, V, are the ion and electron fluid
velocity, E=-VU is the electric field, U is the potential,
B is the magnetic field, v, is the electron-ion collision
frequency. It is assumed that the electrons and ions are
ideal gases so that P,=NkT,, where k is the

Boltzmann constant, and T,, T; are the electron and
ion temperatures, which are assumed to be a constant.

The velocity components vary only along one direction
x, normal to the wall. From the quasi-neutrality
condition and Eq. (1) we have V=1V, where
n=Jg/l;, Jo and J; are the electron and ion currents
normal to the wall. In the present model we used a
constant electron to ion current ratio 1 as a parameter.

Figure 1. The
geomelry of the
plasma-wall
transition layer

is  the
C52=k(Ti+ZiTe)/mi', Be =®e/Vgj, Be=eB/mg,
¢=eU/kT,, e=T/Tj, w=Lp/p; and p=me/mi.’1n
additions the relation between B and B; is used in the
form of =P;8/u, where 8=v/ve;. The presheath edge
(boundary 2) we defined as a boundary where ion
velocity nornial to the wall approaches to the Cg.

plasma  bulk  density), p;=Cdlo;,

Sheath. The system of equations consists on the Poison
equation: V2¢=\|/'2(ne-ni) (here coordinate was
normalized by p;) and Boltzmann distribution for

electrons: ne=e"¢. In the first approximation (y<<1)
. 1
ion density varies as n;= where
120402
0\WVq 1+l

V,, and ¢, are ion velocity and potential at the sheath-
presheath interface. At the sheath-presheath interface
the conditions for the ion velocity V, and electric field
E, are used and current continuity m=const in the
preasheath and sheath is employed. As it was pointed
above at the boundary 2 (i.e. Vy=C,) the electric field
is infinite. Therefore the electric field must be taken
before this boundary where V,<Cg i.e. ion velocity is
smaller than the Bohm velocity (boundary 3). We will
taken such the critical velocity V and electric field E
(before boundary 2) which leads to the monotomic
solution of the Poison equation.

3. RESULTS

The electric potential distribution with respect to the
plasma-presheath interface is plotted in Fig. 2 with
angle © as a parameter. The potential distribution has a
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maximum ¢pay. In the case of an oblique magnetic
field with 622° and n=1 the value of ¢, decreases
up to zero. As shown in Fig.2 the presheath potential
drop in the case of =1 increases with angle © while in
the case of small 1 the presheath potential drop
decreases with 9.

[3] V. A. Godyak and N. Sternberg. IEEE Trans.
Plasma Sci., 18, (1990) 159. C '
[4] H. B. Valentini, E. Glauche, and D. Wolff. Plasma
Source Sci.; 4 (1995) 353.

[5] R. Chodura. Phys. Fluids, 25(9) (1982) 1628.

[6] K. U. Reimann, Phys. Plasmas, 1(3) (1994) 552.

[7] M. Keidar, I. Beilis, R. L. Boxman, and S.
Goldsmith, Proc. XXII ICPIG, 2 (1995) 157.

[8] D. L. Holland, B. D. Fried, and G. J. Morales.
Phys. Fluids B, 5 (6) (1993) 1723.
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Figure 2. The potential distribution in the presheath

The potential distribution in the presheath-sheath
stucture is shown in Fig. 3. It can be seen that
potential changes occur mainly in the sheath (~6
kTe/e) while in the presheath the potentiat-drop is less
kTe/e. The velocity V, is abount (0.6-0.88)-Cy for v
=10"4-10"2 and n=1 and increases with ion to the
electron current ratio 1/m as shown in Fig. 4 where y
used as a parameter. In the case \y>10'3 the velocity
V,, significant decreases. It should be noted that in this
case the sheath is magnetized and more accurate
solution should be used.

The current-voltage characteristic of the plasma-wall
transition layer with incidence angle 6 as a parameter
is shown in Fig. 5, where A¢ is the total voltage of the
transition layer. This characteristic does not depend on
the incidence angle for 6>5°. The change of A¢ with
incidence angle connects mainly with presheath
voltage drop as can be seen in Fig.2.
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1. Introduction

Vibrational kinetics of the excited N2
molecules in DC glow discharges was a sub-
ject of numerous studies previously, e.g. ref.
1-3, due to achieved high non-equilibrium be-
tween vibrational and translational degrees
of freedom. This is crucial for-laser tech-
niques and significantly influences kinetics of
plasma processes.

The T, vibrational and T, gas tempera-
tures determined from vibrational and rota-
tional distributions of the ground electronic
state of N3, measured using CARS (Coherent
Anti-Stoke Raman Spectroscopy) method,
help to verify the rate constants for the VV
exchange processes.
bility of vibrational quenching in heteroge-
neous process (vibrational de-excitation on
the wall) may be estimated.

2. Experiment

The discharge was realized in a slow flow .

of N2 confined by water-cooled, quartz tube
with the inner radius of 1.8 cm, at a pressure
which was varied from 3.5 to 20 Torr. The
distance between platinum electrodes was 58
cm. The reduced electric field E/N and the
electric current were varied in the range 40
to 80 T'd and 10 to 60 mA, respectively. The
vibrational and rotational distributions were
probed using CARS method. The time evo-
lution of the gas temperature was measured
at symmetry axis of the discharge tube using
optical two-wave interferometer. The radial
distributions of the gas temperature and elec-
tron density measured by optical interfero-
metry and spectroscopic method discussed in
ref. 3 and 4 allow a better comparison with
the numerical calculations.

. Figure 1 presents the optical scheme of the
applied CARS spectrometer including: laser
system (1), data-acquisition and processing
set (2) automated on the basis of IBM PC
(3). Its laser system consists of a narrow-
band tuned dye laser pumped by the second
harmonics of a single-mode Nd:YAG laser.
The Nd:YAG- laser 2w pulse (140 mJ) of 25

Moreover, the proba-

to 30 ns duration was directed collinearly
with the dye-laser 6 mJ pulse along the sym-
metry axis of the discharge tube. The spatial
resolutions of CARS achieved in this experi-
ment were 100 pym and 4 cm, in measure-
ments perpendicular and along beam axis,
respectively. The CARS signal was separated

‘from the pump beams by the broadband fil-

ter (5), the monochromator (6) and sent to
the optical multichannel analyzer (OMA III)
(7) or through an optical fiber (8) to the pho-
tomultiplier tube (9).

2:__[ 4 —,
l— =
SRR

Fig. 1. The experimental set-up.

3. Model description.

The following elementary processes have
been included in the model of a DC dis-
charge in Nj: the excitation and quenching of
electronic states of No(A’L}, B3I, C°II,,
BR%z, a2, WiA,, o', w!A,), NP,
D) and vibrational states of Np(X'E})
in collision with electrons, molecules and
atoms; the N, dissociation induced by elec-
tron collision (the cross section of the process -
includes contributions from electronic excita-
tions with transition to predissociated states)
and vibrational excitation with production of
N(*S); VV and VT relaxation processes. The
heterogeneous quenching processes, diffusive
and convective heat transfer from the vol-
ume were considered as well. The Boltzmann
equation (discussed in ref. 5) has been solved
to determine the rate constants for processes
induced by electron collisions. The measured
radial Ty and n, profiles were used in the
model to increase the accuracy of calculated
vibrational levels populations N, and the gas
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tube for various steady-state electron den-
sities n.o; discharge tube radius was 1 cm. -
Theoretical results agree well with the val-
ues obtained here using CARS or published
in ref. 3 (optical interferometry method).

temperafure.

4. Results and discussion.

The presented model was verified for var-
ious glow discharge conditions i.e. variable:
gas pressure, p, and flow rate which deter-
mines the residence time of the N; gas in 35
the discharge (t4). The CARS measurements :
of vibrational and rotational distributions in
the glow discharge were performed and the
gas T, and vibrational T, = 3400/ In(Np/N;)
temperatures were determined. These tem-
peratures are compared in Table I with those
predicted by the model calculations, where
two different values of heterogeneous quen-
ching probabilities were assumed (y = 10~* S ¥ .
and 107%). The last two sections correspond S T T R S S W S
to CARS measurements donei by Smirnov et 0 5 10 15 20 25 30 35 40 45 50
al. [1], Massableaux et al. [2]} in discharge . . 2 '
tube[s ]\,vii_:h the inner radius of (]).7 and 1 cmg, Fig. 2. Time evolution of T, and n..

- . . ‘ - Figure 2 displays the time evolutions: Ty(t)
. Table I. Ty and T, in DC discharges. and n.(t) measured at the symmiatry

; g
(3] N w [&]

-

relative units

ne!

P

05_++ -

-

exi;T.g’ Kc e expT." K I Tfrf rtrfs Y axis of the discharge tube using optical
78035 | 512 | 3790 £ 350 | 3700 || 35 |30 [10-F|  tWo-Wwave interferometer; p = 20 Torr
0 | 3475 10-3 and n.q = 2*10* cm™>. Temperature

530 £35 | 545 | 4320 £ 360 | 4255 || 70 | 15 | 10-° T, is normalized to the wall tempera-
530 | 4200 10-3 ture Ty, and n, to n.p, symbols repre-

60040 | 610 | 4270 +370 | 4240 || 95 [ 15 | 10~ * sent experiment and solid line theory.
605 4240 1073 The Ty(t) evolution for t< 10 ms (in-

395 +£12 | 400 | 2850 &£ 100 | 2790 12.0 | 30 { 10°*% fluenced strongly by the VV exchange)
[1] 360 (1] 2615 10:1 is best fitted when rates for the VV pro-
530[;]: 30 :;3 53005 350 ggg ‘ 20 11 ig"“' cesses (v > 9) are calculated according

to Zhuk et al. [8].

respectively. Taking into account that the
role of heterogeneous N vibrational quen-
ching decreases with the pressure or tube
diameter increase, the probability for the
process can be deduced from Table I, i.e.
4 = 107*. It is one of the very few experimen-
~ tal estimation of this probability. It has been
reported in the work [6] — the same is true
* here — that the best agreement between the-
oretical and experimental values of T, was
achieved when the rates for the VV processes
were taken from Billing et al. [7], at least for
the five lowest vibrational levels v = 0,...,5
probed in our CARS experiment.

Table II. Ty in DC discharges.

P Neo E/N Tg, K
Torr em™3 Td exp calc.
15 [ 0.68%101° [ 70 760 £ 50 720
2.0%1010 | 73 1000 £ 100 | 1040
20 | 1.1*10%° | 52 || 810+ 10(3] | 860
3.9*101° | 59 |l 1175£25 (3] | 1170

Table II presents gas temperature T, mea-
sured at the symmetry axis of the discharge
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Measurement of Effective Ionisation and Drift of Positive Ions in Methane and
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1. Introduction

Low temperature plasma processes involving
methane and methane-argon mixtures are nowadays
widely used in important applied fields such as
Plasma Chemical Vapour Deposition. Many basic
studies regarding the optical emission of these
discharges [1] have been carried out, as well as other
diagnostic methods for the optimisation and
simulation of these processes, which are in many
instances strongly dependent on the gas mixture
content and discharge parameters. In connection with
the latter, knowledge of swarm and transport
parameters over a wide range of the density-
normalised clectric field strength, E/N, is highly
desirable, although not always available. For instance,
studies on the drift velocity of electrons in CH,-Ar
mixtures have been done by Kleban et al [2], but only
at low E/N values up to about 10 Td (1 Townsend =
1017 V cm®. The aim of this work was to measure the
effective ionisation coefficients and the positive ion
mobilities of pure methane and its mixutre w1th 50%
argon over a wide range of E/N.

2. Experimental method

The experimental apparatus was based on a
previous design [3], but underwent some modifications
and improvements. Briefly, it consists of a set of
highty polished, parallel-plate metallic electrodes, 12
cm in diameter with rounded edges. A fixed 2 cm gap
distance was used. Base pressures of 1 ptorr were
achieved, while gas pressures varied over the range
0.1-50 torr. The avalanche was initiated by a 3ns
duration flash of photoelectrons released by the action
of UV light from a nitrogen laser (A=337 nm) from
the cathode. The ionic part of the avalanche was
detected by the voltage drop across a resistor in series
with the cathode, further amplified and recorded by a
100 MHz digitising osciloscope. The value of this
resistor and the stray capacitance asociated in parallel
to it gave a time constant between 10 and 20 ns, small
enough to ensure the so callled “differentiated pulse
condition”. where the voltage drop is proportional to
the total displacement current due to all carriers
dirfting across the gap.

The resulting waveform was analised by an
expression for the positive ion current which considers

the processes of ionisation, attachment , and positive
jon drift and longitudinal diffusion [4). Small
contributions at the beginning of the pulse from
electron capture processes, and the remaning electron
diffusion did not affect the evaluation of the pulse
according to such equation, since the relevant swarm
and transport parameters were derived from the
middle and end portions of the pulse. The effective
jonisation coefficient and the drift velocity were
derived from a curve fitting procedure to the observed
ionic pulses. '

3. Results

The density-normalised effective ionisation
coefficient, (a-n)/N, where o and 7 are the electron
ionisation and atachment coefficients, respectively, are
shown plotted in Fig. 1 as a function of E/N, for a
100% CH, , and 50-50% CH.-Ar mixture. Also, the
effective ionisation coefficients for 100% Ar measured
by Kruithof [5] are shown in the same figure for
comparison. It is clearly seen that the efective
ionisation coefficient increases smoothly as the Ar
percentage in the mixture does up to about 400 Td.
Above this value, the effective ionisation coefficients
for the mixture are still slightly higher than those for
pure methane, but those for argon become lower at the
end of the range.

1 I]llllll
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0.1

(a-nyN (10-16cm?)
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@%. ’
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1 L ta1 13l
1000
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-
=8 3
[=]

EMN (Td)

Fig. 1. The present effective ionisation coefficients for
100% CH, (full circles), 50% CHy- 50%Ar
mixture ( open triangles), and 100% Ar
(open squares, Reference 5)
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Although there is clear evidence of electron capture
processes taking place in methane under swarm
conditions {6], the evaluation of o and m was not
performed because of the smallness of the negative ion
contribution to the total current of the avalanche pulse.
The positive ion drift velocities, v., obtained
from the same analysis, were converted into reduced
mobilites by the well-known expression given by [7]

Ko = (v+ /N, JAE/N),

where N, = 2.69x10" cm™ is gas density at STP.
These mobilities are shown plotted in Fig. 2 as a
function of E/N for a pure CH, , and for a 50-50%
CH,-Ar mixture. Qualitatively, there are two
interesting features to discuss from these curves. The
first of these relates to the earlier appearance of the
wide maximum on the mobility curve of the methane-
argon mixture. This is indicative of the¢ strong
influence of the argon neutrals on the scattering
process. The second feature refers to the lowering of
the mobility of the ions drifting in the mixture, which
is also explainable by the presence of the argon
neutrals. An inspection of the mobilities reported in
the literature indicates that the mobility for Ar* ions in
pure Ar is much lower than the presently measured
mobilites for pure methane and its mixture with Ar
[91.

Ko (em2v-1st)

EN (Td)

Fig. 2 Reduced mobility of positive ions in 100%
CH, (full circles), and 50-50% CH,-Ar
mixture (open triangles ).

A comparison of the present 100% CH,
mobility data with mass-spectrometrically analysed
ones up to E/N=500 Td suggests that the ion under
question may either be CHs" or C, Hs™ [8]. As regards
the identity of the ions drifting in the mixture, this
must await a direct mass-spectroscopic assessment.
However, since it is known that the mobility of Ar" in
Ar is about half that of the mixture [9], one might
spectulate that the observed curve may be the

I-19

unresolved mean of two or more of the most important
positive daughter ions of methane.

To our knowledge, no previous measurements
of either the effective ionisation coefficient or the
positive ion mobilities have been published.
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Introduction

A kinetic model for the decay of excited species in an
argon afterglow at “late times” is presented; it
interconnects two atomic states and four excimer states
in onc consistent model. The excited states are
subjected to elementary processes, each of which is
characterised by a process rate; the sum of the process
rates of all decay channels yields the loss rate of the
excited state. Knowledge of all process rates allows the
calculation of loss rates and decay rates, the latter being
experimentally accessible, Measurements of the decay
of the first and second continuum at pressures between
0.9 and 100 Torr are compared with theoretical
estimates. :

Theory

The model describes the behaviour of all excited states
which contribute significantly to the observed VUV

continua: the Ar'(3P,) and Ar’(*P,) atomic states,
and the higher and lower vibrational levels of the
Ar;(0}) and Ar;, (1,) excimer states (fig.1).

In the decay model the process rates & i fepresents the
elementary process i—j, the loss rate is

vi=2.8,,j i,i=1.6
i

The concentrations n,(t) are described by a set of
coupled linear differential equations

%nz(l) = '-V,.(t) + Zal'jnj(t)
J
The time dependence of the concentrations is

represented by
n(t)=2 ae ™

the decay rates A, are the roots of the eigenvalue

equation. In the absence of reversible processes, decay
rates equal loss rates and can be associated with the
decay of a particular state.

Decay of the atomic states

The metastable state *P, is annihilated after diffasion

(D) to the wall, while the resonant * P, state decays by
imprisoned resonance radiation (IRR). For the
treatment of ecimer formation (B3) and excitation
transfer (ET) by three body collisions (@, ; p2 N/ p2 )
the concept of a quasimolecule was introduced [1]. The
three body collision is treated microscopically as two
successive two body collisions each linearly dependent
on pressure with a fast redessociation process

reconnecting the quasimolecule to the atomic precursor.
Collision induced radiation (CIR) (@, P, P)
occurs when radiative transitions from the
quasimolecule are allowed.

Applied to argon, the sum of all relevant process rates
results in calculated loss rates:

51
P, v, = -/-\-2-1;+.16p+35p2

*P, v, =5710% +2084p +222p>
Decay of the excimer states
b3 Z" excimers are formed in higher excited vibrational

levels (symbol ¥) by three body collision processes. In
successive collisional steps the 1’322 states reach the

vibrationally relaxed "X’ states in thermal

equilibrium with the gas. From each of the vibrational
levels, radiative decay to the ground state is possible.
However, the occurrence of two well separated VUV
continua leads naturally to the assumption that only
higher (*) states contribute to the first continuum and
only lower states (0) to the second continuum. The
process rates of the 4 excimer states as taken from
literature are given in what follows.

pin Torr.

-Excimer radiation

in the second continuum (UV2)

'Y r=42ns> By, =2410% 2]
’ze = B, =3210°s7 Bl
in the first continuum (UV1) -

T r=160ns=> B, =61210°s [4]
'z = S, =2810° s [5] .

-Collision induced radiation (CIR)
The p-term in the decay of the “’Z! states is

interpreted here as collision induced radiation from a
short-lived three body complex, analogous to collision
induced radiation from a two body quasi-molecule.

ay, P=322ps ' 3L, @b, p=547ps” derived
using the principle of microscopic reversibility.
-Vibrational relaxation

Rare gas excimers change their vibrational state only in
collisions with ground state atoms. Due to the depth of

the T potential well (0.55 €V) one exspects that the
(*)>(°) relaxation requires a great number of steps to
relax. A detailed study of the vibrational relaxation in

argon can be found in [6], however, the assumption
made in [1] remains valid: higher excited levels and
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lower excited levels are connected by an equivalent
relaxation rate @y, p=5610° ps™ [7], a,,p is
unknown, but assumed equal to a;,mp .

Process and loss frequencies

Based on the previous numbers, the loss rate for each

excimer state is obtained by combining the relevant
process rates:

3% v, =61210°+5610° p

T v, =2810°+5610° p

30 v, =3210°+32p

Ty ve=2410"+547p

The 6 v; values are shown as full lines in fig.2.

Experiment

The decay of the first and second continuum in argon
was measured in the “late afterglow” of a low current
diffuse glow. The tube with a diameter of 36 mm and
length 35 cm was provided with a LiF, window;
standard UHV techniques were used prior to filling.
The detection system consisted of a 0.3 m Mc Person
vacuum monochromator, followed by either a UV
convertor and photomultiplier for the second
continuum (120 to 140 nm) or a spiraltron electron
multiplier for the first continuum (106 to 110 nm).
Depending on intensity the signal was averaged on a
Lecroy 9400 digital oscilloscope, or sent to a SRS
multichannel scaler or to a photon counting chain. The
intensity was recorded over at least two decades over
the pressure range 0.9 to 100 Torr, and fitted to

I(t) - Z Ik e—lk_expl
- .
with A, __ the experimentel decay rate.
k,exp

Results

For the first continuum two components were found in

the decay rate:
ﬂm =(54102)1 0* + (1285+44)p +(145+ 5)p2

Ag, =(68111)p+(183+03)p°

while the decay of the second continuum could always
be fitted to a single exponential:

+
A= 82£20 +(75+9)p+(185+03)p°

Comparison of these results with the theoretical
estimates (fig.2) leads to the attribution of the faster

A,, to the decay of the P atoms, while the

slower A;, and A, , are identfied as the *P, decay
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Fig.2. Measured and calculated loss-and decay rates v
and A as a function of pressure.
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Quantum Effects on Thermodynamic properties
of Hot and Dense Helium like Plasmas

Hamid RAHAL and Marie-Madeleine GOMBERT
Laboratoire de Physique des Gaz et des Plasmas
Bat. 212, Université de Paris-Sud, 91405 Orsay Cedex, France

1. Introduction

Earlier works on the determination of equation of state
of fully ionized hydrogen plasmas show the importance
of quantum description of ¢ - ion and € - ¢
interactions [1,2]. The approach used consists in
calculating a pair distribution function on a complete
basis set of Coulomb wave functions. With this
temperature dependent pair distribution a density and
temperature dependent plasma potential was evaluated.
Thermodynamic functions were then deduced [2,3].

In this work we extend the study to helium like plasmas
which contain (when not fully ionized) hydrogen like
ions in addition to point like ions and electrons. The
first step consists in obtaining a sufficiently accurate
wave functions to describe the states of one electron in
the field of hydrogen like ion. In contradistinction with
the fully ionized plasma <case, an efficient
thermodynamic result is the ionization rate versus
plasma temperature and density.

2. Pair correlation function

We have developed a semi-empirical model making use
of a parametric € - ion potential [4,5} which is a sum of
the coulombic potential and a 1/#* term. This model
has permitted us to construct accurate bound and
continuum wave functions for £ < 2 and for the helium
isoelectronic sequence up to Z = 26.

The pair distribution function is a sum of bound and
continuum state contributions :

9(r) = ga(r) + gc(r) (1)
with :
ge(r)=C Z i(% +1) exp(—ﬁE,,g) ang(T‘)|2
n=1 =0
)
and :
) 0 2,
o) =03 eern) [ akoxp(-Z5) (Ruer))’
= ’ 3)

where C = 2z /m)**/47 is a normalization constant.
For ¢ > 2. the wave functions are the hydrogen like

ones. For £ < 2, they depend on a non integer effective
angular momentum. '

The corresponding pair distribution functions evaluated
in the plasma differ from the classical ones at smali
separation. They are always finite at the origin.
Therefore, they permit thermodynamic calculations
pointing out the quantum effects.

3. Effective potential

The effective plasma potential is defined in terms of the
pair correlation function as follows :

£ 1
——?u('v) =% In [g(z)] (4) ‘

where x = /4 is a reduced distance and % is the De
Broglie wave length. £ = L/ is a quantum parameter, L
being the Landau length.
This potential is calculated from pair distribution
function calculations. We modelized numerical results
with a functional form{6] and in the case of electron-
hydrogen like ion.interaction we write :
——E—u(m) - 1 [1 — exp(—22% — axs)]‘
(Z-1)? z

+ A[l — Exf(B2)]
(5)

in which 4 and B are Padé functions of the quantum
parameter £, they depend on the temperature. the
parameter o (= 1/(Z-1)) takes into account the nuclear
charge effect (in relation to the spatial extent of the ion)
on the optical clectron state.

From Eq. (5) the high temperature (£«1) hydrogen like
(a=0) plasma potential form is recovered [l]
Morcover. the limit =0 and £=0 (infinite temperature)
of Eq. (3) gives the Kelbg potential [7].

4. Tonization rate of helium plasma

In the binary approximation the partition function of
the system is written in terms of pair correlation
functions. We show that the free energy of the system
can be written in the form :
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F = Fy+

._/dz

53 (Z ’)“3 [m {D(k)}+zCn(A)

Zpipj (u,—_,- (r)— Z,-Zjez/r)

i=1 j=1

(6)

where i and j stand for the various plasma components.
u&\, () is the above defined effective potential, p; is the
i component density and Cjy (k) is related to the
Fourier transform of the potential by the relation :

Cy (k) = -Bpip )'”* Cy(k). D(K) is the determinant of
the matrix made of the elements : I;; - C;; (k).

The free energy function can be written as a sum of an
ideal term, a classical plasma term, an exchange term
(ideal electron gas) and a quantum (diffraction)
correction term :

F=Fy+Fo+Fe,+Fg - ()

The ionization rate of the plasma which is defined by :

T =

PHet+ _ PHert (8)
PHet + PHet+ pI

is determined by solving the following equation :

dF _

@ ©)

In Fig. 1, we plot the ionization rate x versus total ionic

density p; for helium plasma at 7=2 10° K. The
interactions between the particles, when taken into
account, give rise to a characteristic non monotonic
behaviour in contradistinction to the ideal Saha result.

In Fig. 2, detailed contributions to the ionization rate
are shown. The upper Coulomb curve is obtained when
we consider classical Coulomb interaction between
charged particles. The two lower curves are obtained

when the electron-ion interaction is quantum described.

The curve noted «=0 corresponds to the case where He'
ions are considered to be point like ones ;
electron-ion wave functions are the hydrogen like ones.
The curve noted a=1 corresponds to a more accurate
description of the electron-He" system ; the wave
functions given by our atomic model take into account
the spatial ion extent.

We note a difference of approximately 30% between the
upper and the lower curves.

in this case -
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Electron Energy Distribution Function in Decaying Ar : NF3 Plasmas:
the Possibility of Negative Electron Mobility.

INA Dyatko, M Capitelli, 23 Longo and Iap Napartovich

1 Troitsk Institute for Innovation and Fusion Research, 142092, Troitsk, Moscow region, Russia
Centro di Studio per la Chimica dei Plasmi del Consiglio Nazionale delle Rlcerche Dipartimento di Chimica,

Universita di Bari, Italy

In the last years a number of papers has
appeared on the negative mobility (drift velocity) of
electrons in low temperature plasma (see references in
[1}). Now it is known several different physical
situations in which negative electron mobility was
investigated: relaxing plasmas, beam sustained plasmas
and decaying plasmas.

In present paper we have considered the
Ar:NF; gas mixture under the following initial
conditions: equal concentration of electrons and
positive ions exists in the mixture and an external
electric field is applied across the plasma. Such initial
conditions can be created by short ionization pulse. For
low electric field strengths the rate of removal of
electrons by attachment processes exceeds the rate of
ionization so that the considered plasma decays. During
the decrease of the electron concentration the
deformation of the shape of the electron energy
distribution function with respect to the initial one
occurs.

To calculate the electron concentration, n(t),
and the shape of the distribution function we solved a
Boltzmann equation for F(u,t) = n(t) fu,t} with the
initial condition F(u,0) = n(0) f(u,0), t is the time and u
is the electron energy. An appropriate Boltzmann
equation can be written in the form

s
u— = .
a E

Iz describes the divergence of the flux of electrons
along the energy axis driven by the electric field, St(F)
is the rate of change of the distribution function F(u)
due to elastic and inelastic collision processes, f(u,t) is
the normalized electron energy distribution function

(NEEDF):

The following collision processes were taken into
account: elastic scattering of electrons on Ar atoms,
excitation of electronic levels of Ar and attachment of
electrons to NFs; molecules. Figure 1 shows the
momentum transfer cross section of Ar [2] ( Q.) and
attachment cross section [3] (Q.). We have neglected
electron-electron and electron-ion collisions as well as
recombination processes i.c. we have considered initial
ionization degrees less than 10°

o —
£ 100 —
o =
© -
l2 :
g_ -]
§ 102
3 =
g _

— Q8-NF3

0.1 —

| ||]||l|| | ll”ﬂTl

0.1 1.0 10.0

u, eV

Fig. 1. Momentum transfer cross section of Ar and
attachment cross section of NF3

All calculations were carried out for gas
temperature T=300 K and at atmospheric pressure. The
initial function f(u,0) was considered as a Maxwellian

one with the given temperature Te.

Calculations showed that during the decay of
electron concentration the steady distribution function
ftu) is formed and the decrease of electron
concentration becomes exponential. In other words,
after some time F(u,t) becomes a self-similar function
in which the time and energy dependence are
factorized:

F(u,t) = n(t)f(u), where n(t) ~ exp(-vt).
The decay frequency v corresponds to the attachment
frequency. For a given E/N value f(u) and v does not
depend on the initial conditions (Tp).

Figures 2 and 3 show the established NEEDF
and drift velocity as a function of the electric field
strength. We can note an increase of drift velomiy in
the range of E/N from 1. 1018 v.em2 t03.2 10

, followed by an abrupt transmon from from a
posmve value at 3.2 1018 v em?2 toa negative one at
3810718 v em2 . From 3.8 10718 v em2 10 3. 10717
v cm2 drift velocity is negative and equal to -3.0 104
em 5L Finall 7v the drlft velocity increases again for
EN>3.101 vem?
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Fig. 2 Established NEEDF in decaying plasmas
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Fig. 3 Established electron drift velocity as a function
of E/N in decaying Ar : NF3 plasmas. 1- 1% NF3, 2-
0.5% NF3.

Before the explanation of these results let us
point out that for the existence of negative electron
mobility two conditions are necessary (but not
sufficient) (see, for example, [1]): a) the first derivative
of f(u) must be positive ( df(u)/du > 0 ) in some energy
interval; b) d(In(Qg,))/du>1, which means a fast
growth of Q,(u) with u. For Ar condition b) is satisfied
between 0.5 and 10 eV (see fig. 1).

Unusual dependence of drift velocity on the
electric field, presented in figure 3, is due to the shape

s
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of attachment cross section. To understand better the
problem, let us denote as uy, the energy at which the
attachment cross section has a maximum. The
momentum transfer cross section of Ar for w>uy, is
greater than for u<up,. The electrons in plasmas can be
divided in two groups : the first group contains
electrons with energies u<uy, and the second group
contains electrons with energies’ w>up,. The electron
heating by the electric field can be considered as the
driving force for the diffusion in the energy space. For
moderate electric fields, the intensity of this diffusion is
not sufficient to overcome the attachment cross section
barrier. As a result, each group of electrons "has its
own life". At the early time the concentrations of
electrons of each group are defined by f(u,0). During
plasma decay, the electron concentration is decreasing
and the shape of steady state NEEDF depends on the
ratio of the decay rates of each electron group. If the
electric field is weak, the electrons with low energies
disappear with relatively slow rate, since the
attachment cross section is small at low energies.
Electrons of the second group lose energy in elastic
collisions and disappear quickly because of a large
attachment cross section at energies lower than 3.5 eV.
As a result, NEEDF presents a monotonic decrease as a
function of energi/ The correspondmg NEEDF for
EN=10"18 Vv cm? and E/N=32 10-18 v cm?  are
shown in figure 2 (curves 1 and 2). The increase of the
electric field strength leads to an increase of the mean
energy. Attachment rate of electrons of the first group
increases, since the attachment cross section grows .
with energy. For values of E/N in the range 3.2 10-18
Vem2-38 10718 vem? the decay rates of electrons
of both groups are approximately equal. If the value of
E/N parameter is greater than 3.8 1018 v cm2,
electrons of the first group disappear more quickly than
the electrons of the second group. As a result, the
NEEDF with a maximum at energies 4 eV - 5 eV is
formed (see curves 3, 4, 5 in figure 2). The
corresponding electron drift velocity becomes negative.
With the further increase of the electric field, electrons
of the first group get enough energy (during their
lifetime) to overcome the attachment barrier in the
energy space. In this case slightly inverted (or non-
inverted) NEEDF is formed (curves 5, 6 in figure 2)
and the corresponding drift velocity is positive.

This work was partially supported by Russian
Basic Research Foundation 96-02-19265.
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Revisited collision integrals and transport coefficients of high
temperature air components
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1. Introduction

In a recent paper [1] we have reviewed the literature
concemning the transport properties of high temperature
gases. We present here collision integrals and transport
coefficients of high temperature air species (in particular
of nitrogen) including diffusion and viscosity collision
integrals Q( ), translational (Ay) and internal (Ajpy)
thermal conductivity together with total thermal
conductivity (Ay), viscosity (m) and diffusion
coefficients (D).

In this work we will also try to establish the accuracy
of the calculated values comparing our results with the
recent ones on the subject reported by the Ames group
[2], by Murphy [3], by Ryabov [4] as well as with
available experimental data.

2. Collision integrals

Accurate calculations of transport coefficients can be
obtained once the collision integrals of the different
interactions are known [5]. Performing three
integrations we obtain the collision integrals as a
function of temperature (T)

Q(l")(T) — ((s +1) !(kT)s+2 )—1

- D
~E/XT ps+1 (1)
jo e EF BN OO (E)JE

The problem of calculating Q( ) reduces to the
knowledge of the interaction potential V(r). For many
interactions (Morse, exponential repulsive, Ar-T forms)
the collision integrals are tabulated so that the
knowledge of relevant parameters is sufficient to obtain
the collision integrals. For other important interactions
(electron-atom, electron-molecule, resonant charge
transfer) the diffusion cross section QU is introduced
directly in the integral of eq. 1. From collision integrals
the calculation of transport coefficients is
straightforward [5].

A special treatment of the contribution of electronic
energy to the transport of internal energy is being
considered to take into account the dramatic increase of
the transport cross-sections of high lying excited states
with the principal quantum number.

3. Main interactions
In a high temperature environment different species can

survive depending on the considered temperature range.
As an example an atmospheric nitrogen plasma shows

the following equilibria
Ny <> 2N 5000<T<10000 K
N« Nt e 10000<T<20000 K

Nt & Ntt4+ew 20000<T<30000 K

Nt+ & N+ 4 e7 30000<T<35000 K
This means that we pass from a low temperature
system, where molecules and atoms coexist, to a high
temperature one, where electrons, atoms and parent ions
survive, ending to a temperature range in which only
ions and electrons exist.

3.1 Dissociation range
N2-N2, N2-N :

For these interactions we use an exponential repulsive
potential the parameters of which are taken from the
experimental beam studies of Leonas [6). The choice of
repulsive potential for this interaction can be open to
some question at low and intermediate temperature
T<2000K when attractive forces dominate the
interaction. In this case a Lennard-Jones potential has
been introduced to get a better agreement with
experimental data.

24 101 : r ......., T T T YT TTTTYYy "y .-.
< 2100k . h
K| [ . ]
g 1610 f . '
g [ . ]
g 1.2 10!
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10t 100 10° 100 10°
Temperature (K)

Fig.1 Q(22) collision integral for No-N; interaction as
a function of temperature.

A sample of results for N»-Nj reported in fig. 1 shows
an abrupt change in the slope due to the interplay of the
different potentials. The present calculations are in
satisfactorily agreement with experimental results.

A similar situation is found for N-Nj also in relation
with the experimental diffusion coefficient [7].

N-N

The two N(4S) atoms can interact over 4 potential
curves, the collision intégrals have been obtained by
using a Morse potential for the 1,3, 55 interactions [8]
and an exponential repulsive potential for 7Z [9]. The
collision integrals of multi-potential interaction is an
average of the different potentials. A comparison of the
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present results with those of Ames'group shows a
satisfactory agreement in the temperature range 2000-
20000 K in which N atoms are the predominant species.

At low temperature T<1000 K a Lennard-Jones

potential is also used. -
3.2 Partial ionization range -

Ion-parent atom

N-N* ‘
The diffusion type collision integral is dominated by
charge exchange process while the viscosity type
collision integral is dominated by valence forces, even
though at low temperature polarizability forces should
be taken into account. The interaction of ground state
atoms N(4S)/N+(3P) occurs through 12 potential
curves. A comparison of our results with those
calculated by Ames'group shows a satisfactory
agreement (differences below 15%) in the temperature

range 5000-20000K where the concentration of these

species can be important. Larger differences (up to 35%)
are observed outside this temperature range when N-N+
species should not be important,
The diffusion collision integrals have been obtained by
the usual approximation on the diffusion cross section
(QY dominated by charge transfer (the experimental
charge transfer measurements of Belyaev [10] are used).
A comparison of the present calculations and the
theoretical ones of Ames'group shows differences not
exceeding 8%.

N3-N3*, N2-N*+
Diffusion type collision integrals for this interaction
have been calculated by using the momentum transfer
cross sections of Phelps [11] which include both
resonant charge transfer cross sections and polarizability
correction at low energy.

3.3 Electron neutral interaction

e-N3, e-N
The integrals calculated are given in this case by
s 41+1) 1
0"(T)=

(s+DY2I+1-(~1)") 2KT

_": e K (£)™ 60 (e)de

Where o(1) and 6(2) are the momentum transfer (I=1)
and transport (1=2) cross sections respectively. As
regards nitrogen molecules, we have used the
momentum transfer cross section reported by Phelps and
Pitchford {12]. To calculate 6(2), we have corrected for
the ratio 6(2)/6(1) expressed in terms of the coefficients
of the differential cross section development into
spherical harmonics. In the case of e-N, the momentum
transfer cross section is the same used by Capitelli and
Devoto [8]. In this case we have corrected for the ratio

o@D by using phase shifts according to
HDI+2) 2
o®(g) _21 :21+3) sin“(8, — Jy,,)
oV(e) Y, (I+Dsin’(8,-5,,,)

3

4
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where the phase shifts 8y as a function of € are
interpolated from the set calculated by Thompson [13].

3.4 Ion-ion and electron-electron

In this case we can use a screened Coulomb potential.
Collision integrals for this interaction are known either
" in tabular [14] or in approximated closed forms [15].

4. Conclusions

We present results of calculations of collision integrals
and transport coefficients of air components in the
temperature range 50-100000K emphasising the degree
of confidence of the results.
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Low-temperature and low-pressure plasmas, virtu-
ally in local thermodynamical equilibrium, are of
interest from the fundamental scientfic point of view
and from that of technical applications. The knowl-
edge of basic parameters, such as the number densi-
ties of the constituents present or the transport coef-
ficients, as functions of pressure and temperature of
the system is of great interest in dealing with these
plasmas.

The object studied in the present paper is the argon
plasma contaminated by 20% of chlorine. It is taken

that the plasma is kept under a constant pressure -

(0.1kPa and 1.0 kPa), and at a constant tempera-
ture, varying between 500 K and 5000 K. The con-
siderations are based on two essential items: (1) the
assumption that the plasma is Maxwellian (temper-
atures of all the constituents are equal) [1] and that
the thermal ionization is the most significant mech-
anism determining the final degree of ionization; (2)
use is made (in conjuction) with Saha relations) of a
modified expression for the effective Debye radius of
plasma (and for the ensuing ionization energy lower-
ing) as derived by the same authors previously [2,3).

The equilibrium plasma composition, i.e. the num-
ber densities of its various constituents, is deter-
mined in the present work by numerical methods,
under the assumption that, in the temperature ran-
ge considered, the species present are: e, Cly, Ar,
Cl, Cl}, Art and CIt. The standard procedure of
using the Saha equations and equations of the law of
mass action for the process dissociation, combined
with the requirements of charge conservation and
pressure constancy, is applied. The new detail in
the evaluation of the plasma composition is that,
in determining the modified Debye radius, the Lan-
dau length was used as the cut-off range rather than
ionic radii. This alteration in the calculation proce-
dure did not bring about any significant change in
the final numerical results for transport coefficients,
in spite of the fact that the Landau length was found
to be about one order of magnitude larger.

Tables 1. and 2. show that dependence of the eval-
uated number densities of various constituents on
temeperature for pressures 0.1 kPa and 1.0 kPa, re-

spectively. It is seen that in the mixtures of argon
and chlorine under the above conditions many dif-
ferent ionic and neutral particles can exist and the
electron and ion number densities tend to increase
with temperature, which is an easily comprehensible
feature. The relation between the ionization ener-
gies and the relation between the dissociation ener-
gies of the species present is the factor of the pri-
mary significance in determining the above plasma
properties. The energy of the first ionization of the
chlorine (12.97eV’) is 1.21 times smaller than that
of the argon (15.75eV’); the energy of the dissocia-
tion chlorine molecule (2.50 eV') is 1.61 times smaller
than that of ClJ (4.03eV). On the other hand, the
energy of the first ionization of chlorine is 1.13 times
higher than that of the chlorine molecule.

Table 1.

T(K) p = 100Pa
n(m~=3) 1000 3000 5000
n, 6.3-10-% 2.6-10%3 8.8.1017
nAr+ 9.3.10-16 1.2.10'° 3.0-10¢
now 4.9-10-1% 26-10'3  8.5-10!7
neg 6.3-107° ~1.8-10'° 2.2-1012
ner 3.8:1020  4.9.10% 4.9-1021
nei, 46.102*  5.1.10'® . 2.1.10'%
Nar 2.0-102  2.0-10%8 2.0.1023

Table 2.

T(K)  p=1000Pa
a(m=3) 1000 3000 5000
Ne 2.0-10% 8.3.1013 2.8.1018
nart 2.9-10~1% 3.9.1010 9.6-10'¢
neow 4.9-10-14 8.2.10'3 2.7-1018
et 2.1.10-5  5.7.10! 7.1.1013
ner 1.2.1021  4.9.1022 4.9.1022
nei, 4.8.1022  5.1.10'8 2.1.1017
nar 2.0-1022  2.0.10% 2.0-10%3
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An inspection of Tables 1. and 2. further discloses
that the increase of pressure raises the number den-
sities of all the relevant constituents, the raise being
obviously more noticeable in the neutrals. All these
details are easily recognizable features of the Saha
equation. It is very interesting the fact that the
ratio of the eleciron number densities is about 3.
The number density of chlorine ions is equal in the
both cases (100 Pa and 1kPa) for the temperature
around 1000 K. At higher temperatures, if the pres-
sure 10 times higher is, the ratio ngi+(p2)/nei+(p1)
is about 3. The ratio of the chlorine ions was found
vary from 3.16 to 10. At lower temperatures the
ionization of chlorine is not massive and practicaly
argon is very smallionized. At relatively higher tem-
peratures the electron number density values is sim-
ilar to values of ng;+, confirming that all electrons
arise in the first ionization of chlorine. The presence
“of chlorine brings enhancement in the values of the
electron number density in this temperature range
from 500 K to 5000 K. The overall degree of ion-
ization is very small and this quantity is very little
sensitive to pressure variations. All these details are
easily recognizable features of the Saha equation.

Table 3.
p=100Pa p=1kPa

'3 2 2 2
TK) we(®) w(@) v @) w@)
500 1.9-10° 5.6-10-2 19-102 5.6.10°3
1500 5.9-10° 1.7-107%* 7.3-107! 2.1.10~%
2500 4.8-10° 14.107* 4.8.10-! 1.4-10°5
3500 4.5-10° 1.3.107* 4.5.10°! 1.3.10"%
4500 4.4-10° 1.2.10~* 4.4.107! 1.3.10°%

The evaluation of the transport coefficients under
the above conditions is based on the expression given
by [4]. The same authors these quantities in plasmas
of noble-gas with alkaline additives were evaluated
previously [5,6] and in this case was used same pro-
cedure, but first time ion mobility was calculated.
" For example, the values of electron and ion mobili-
- ties in argon plasma with 20% chlorine as additive
are given in Table 3. The electron mobility for the
higher pressure is 10 times smaller, than the corre-
sponding quantity at the same temperature for the
pressure 0.1 kPa. It is seen that the ion mobility in
argon plasma with chlorine as additive is than the
electron mobilty for four order of magnitude lower.

It is to be concluded from all that was said above
that in the low-pressure and low-temperature ther-
mal argon plasmas with chlorine as additive, the re-
lations between the ionization energies of the atomic

species present (neutral atoms, singly charged ions
and molecules) is by far the significant physical fac-
tor in determining the plasma composition and its
transport coefficients.
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Effective Secondary Emission Coefficient in a
High Pressure Noble Gas

V.P. Nagorny, P.J. Drallos
Plasma Dynamics Corp., 417 E.8 Mile Rd., Hazel Park, MI 48030, USA

The phenomenon of secondary electron emission
from the surface under the action of a primary particle
{photon, ion, excited atom, etc.) plays an important
role in gas discharge physics. This role is reflected in
the theory by the effective secondary emission
coefficient (ESEC) 7 : the number of electrons leaving
the cathode surface per impinging primary particle
[1,2]. In a high density gas y grows with E/p at
low E/ p values (where E is the electric field and p

is a gas pressure), and reaches a constant value at high
E/p [2-5]. The mechanism responsible for this
dependence is a reflection of a part of the secondary
electrons from the gas atoms back to the cathode
surface [1].

In this report we find an expression for ESEC
based on a kinetic approach. We consider a typical
case, when the voltage across the gap significantly
exceeds the excitation/ionization potential of the gas
atoms (compare with Ref. [6]). We limit our
consideration to a weakly ionized noble gas under
conditions when the electron mean free path A, is
small compared to the scale-length { of the problem,
and electric field E is uniform and directed normaily to
the surface, (compare with Refs. [6,7]). We assume,
that the electric field is strong enough so that one can
neglect the energy exchange between electrons and
heavy particles in elastic collisions. Since the value of
ESEC involves electron dynamics, its value will be
different in the stationary and non-stationary cases. We
will assume that the electric field is constant. Electron
dynamics in a gas does not depend on the specific

source of secondary electrons (ions, photons, etc.), and

the resulting expressions can be applied to any of these
sources. However, to be specific we will consider only
one such a source - their liberation from the surface by
the action of ions.

We consider a planar anode-cathode gap of width
L and direct the Z-axis normally to the cathode, so
that the electric field is anti-paralle! to the axis, and we
also choose z=0 at the cathode. As was already
mentioned we consider herein the case of a high
density gas or weak electric field, so that the kinetic
energy that the electron gains between two collisions
is small compared to its kinetic energy, eEA, << W.
In this case the electron distribution function (EVDF)
is almost isotropic at distances from the electrode
exceeding a few A, and can be represented as

fr,v.t)= folz, v,6) + &(z, 6,0, ¢))

with & (z,2,0,1)<< fy(z, 1), and 6 is the angle
between the velocity vector and the Z-axis..
The electron density n, and electron current j, are

related to f, and &, respectively:
bt . 3 _ 4re T
n, =47rj0 A fodv, . =—ejuz5fd V=—3—E[u3gdv

It is convenient to choose new independent variables
(z,£,6,1) instead of (z,4,0,t), where

£=mv*12-eEz, )
is the total electron energy, E =|Ez|=-Ez. In these
variables functions fy(€,z.1) and & (€,2,6,¢) satisfy
the following equations [8]

19 3
e G ©
& =—g(z,€,1)cos O @
g(e,z,t)=7y‘%%, (5)

where v= (z,€) according to Eq. (2), v, = NO,.v is
the electron collision frequency, &, is the electron-
atom momenturﬁ transfer cross-section, and C;(f;) is
an inelastic collision term. According to Eq.(2) £€>0
at z=0, so that £>0 is a necessary condition for
electrons to return to the cathode, and for evaluating
ESEC we need to know the electron distribution
function only in thé energy range £> 0.

The inelastic collision term C;{(fp) consists of
two parts: the scattering-"out" of an element (dr, dv)
of a phase space ("sink" term) and scattering-"into" the
element (dr, dv). Due to a large difference in masses
of electrons and the background gas atoms, electrons
do not change energy in elastic collisions. On the
other hand, the energy change in inelastic collision is
at least W,,, where W, is the excitation threshold.
According to a common situation in noble gases we
assume that the excitation threshold is higher than the
maximum energy of secondary electrons near the
surface W, ,[9]. Thus after one inelastic collision the
electron leaves the initial energy range 0< &< W,
(energy becomes -negative and electron leaves the
region within which it could return to the cathode), so
that the scattering-"into" term is absent in this energy
range, and for C;(f,) we can write:

Cu(fo)=-vu(a)fy ©
where v;{v)= Nv(zcrk(u)+0',~(u)) is the energy
)

dependent frequency of inelastic collisions; 0 (2) is

XXU1 ICPIG ( Toulouse, France ) 17 - 22 July 1997




an excitation cross-section, and o,(v) is the ionization
cross-section,

The absence of the scattering-"in" term allows one
to consider the EVDF and “differential ESEC”
y(W;,E) independently for every energy layer
(W, Wy +dW,). Then, integrating y(W,, E) over the
energy spectrum of emitted electrons we can find the
ESEC. '

To find y(W;, E) we assume that all electrons at
the cathode have the energy £=W,. Then the
stationary solution of Eq. (3) (with positive energy)
differs from zero only at the energy equal to the initial
energy of electrons, £= W,

fo(2.€) = F(2)8(e = Wy) = F(2)5(W — eEz - Wy), (T)
where F(z) satisfies the following equation

— 22 2 F=v,(sF. ®)

Here 7 is a function of -Z given by Eq. (2) with
e=Wy, and vy(v)=vy(W)=v,(W; +eEz). Since
Woax <W,., an inelastic collision can occur only
beyond certain distances from the cathode z,(W;):

21 (Wp) = (W, = Wy)/ eE, ®
after the electron gains enough energy to excite atoms,
so for z<z;(W,), vy(»)=0.

We assume that the electric field E/ p is not very

strong, so that after an electron reaches the excitation
threshold it does not gain much energy before it
undergoes an inelastic collision. In this case for v;(v)
above the threshold (z 2 z;(W,)) wecanuse
Va(0) = Vi(WuXz—2))eE(z))  , W>W,, (10)
where "prime"” means the "energy derivative". Using
Eq. (10) we obtain for F(z) in the region 'z > z,(W,)
32
&2 I/CZX
where we denoted 2. =2W, /m.

For an isotropic distribution of secondary
electrons and not very high electric fields, E/p<< X,
where X = (W, /e)o, (W,)x3.53x% 10'€ (V / emTorr),
we find for y(W;, E):

7(Wo, X) = G(Wo)y;

=(z- ,) 3VyVi eE(z))F (11)

1
% 173 ).('
I+wal — +y(w)—
el £| oo
where G(W,;)y; is a vacuum differential secondary
emission coefficient, w=W,/W,,, and X=E/p.
The function y(w) and coefficient & are
1 1/3
W(W)zzwjo-tr(“’exy)dy’ a=§( T (Wey) J ’
4 w O—tr(“/ex)y 4 ,o-il(vvex)w
and can be tabulated for every noble gas.
Integrating Eq.(12) over W, we find ESEC as a
function of electric field.

(12)

Wmu
7= [r(Wo, X)dW. (13)
0

Equations (12) and (13) represent the main result of
this report.

For specific examples we choose
GWp)=1/W_,, for Wy<W_ ., andG(W,)=0 for
W, > W_,,. Then for a narrow distribution of emitted
electrons (Xe-like case) Eqgs.(12) and (13) give

V(E! py= (Yl BWnax) In(1+ Bw ), (14
where

- -\1/3
ﬁwmsy/(wm’x‘)%ﬁ»awm(ﬂ ) (15)

For a wide distribution of emitted electrons (He-like
case) we obtain

¥ 2{1/31-- 1 j“W___(_{)m e
Y(X)-awm(f() + 7 \X (16)

2/3
7,:1.—‘)-£ l_aw_r?ax(‘/}") .
v X 2y \ X

The plots of ¥(E/p)/y;, for different gases and

experimental data of D.Felsh and P.Pech [3], are
presented in the Figure below.
1¢ —

01 feti

—o— He, Wmax=10eV

—»— No, Wmax=10aV

......... Ar Wmax-1eV

— .- Kr, Wmax=0.3eV

----- Xe, Wmax=0.3aV

b ~—a— Ar, Felsch & Pech [5] 1

0.01 . RER . R .
1 10 Efp, V/em Torr) 100

Fig. Y(E/p)!Y;, vs. E/ p for different gases.
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Sub- to supersonic streaming of ions towards the cathode in a
beam-generated plasma model

Tor Eldevik and Alf H. @ien
Department of Applied Mathematics, University of Bergen, Allégt. 55, 5007 Bergen, Norway

1. Introduction

The streaming of ions towards the cathode is studied for
a steady state beam-generated plasma model. The flow
model may have relevance to certain plasma devices. The
ionizing beam electrons stream from the cathode towards
the anode along a strong magnetic field on a background
of neutral particles and bulk- electrons and ions. The
plasma in the cathode-anode ionizing range consists of at
least two regions that influence the ion-fluid motion: An
outer region where the ions are accelerated under
influence of a quasineutral electric field, pressure
gradients and collisions, and a sheath region close to the
cathode where the self-consistent electric field is
dominating. A smooth transition between these regions
assumes that a Bohm-criterium [1] is fulfilled: The ions
have to be supersonic when entering the sheath region.
In the model presented a pressure gradient due to
temperature drop of ions towards the cathode is necessary
for the sub- to supersonic transition of ion flow. Under
such an assumption smooth solutions of the governing
equations can be followed from the outer region and
through the sheath region all the way to the cathode.
The sub- to supersonic transition solution is found
using a technique due to Bilicki et. al., [2].

2. Basic model and equations

2.1 Particle conservation equations, outer
region

The model has been set up to describe in particular the
ion flow in the ‘ionizing’ region where all charged
particles predominately flow along magnetic field lines
of constant length L, connecting the cathode and the
anode. A one-dimensional model is therefore possible.
We introduce characteristic scales and use non-
dimensional variables for convenience:

—" _V —
x"i" pa_n_:,’ ua"v—:v (D—?‘r","p’

T
E=—FE, fog = Vop T =F.
Here vL.J=(£,,,r‘_‘-)* is the ion-acoustic speed, Vo are
collision frequencies and n, a characteristic plasma

density. The beam-, the bulk-electron- and the ton-fluid,
indexes ‘b’ ‘e’ and ‘i’ respectively, are assumed to obey
the following particle conservation equations (3]:
dp,u,,
dx

= =noO o Lpyiy,

dpl'uf‘
dx
dpi;

- = 1000 Lpyu,,

= 21400 Lpyit,

Subscript ‘O’ refers to the neutral background. The
mode! assumes that beam electrons experience only
ionizing collision with the background. The resuilt of
one such collision is modeled as the loss of one electron
from the beam and the gain of two electrons and one ion
for the plasma.

2.2 Momentum and energy equations, outer
region -

In the outer region an overall charge neutrality is
assumed, together with a negligible beam density p,

compared to the bulk densities so that p; =p, =p. Due

to its high kinetic energy, the beam may be considered
cold and the conservation of beam momentum reduces to

The timescale of the bulk electron motion is
infinitesimal compared with the timescale of motion of
the heavy ions. They instantly adjust to their
environment of ions. We therefore neglect the
acceleration term and set their temperature to be
constant. The momentum conservation of bulk electrons
then states that i
(]
P = ey =Tufo =, ~TDE).

Ty =palty, =0, "¢ and'? are the particle fluxes
from the particle conservation equations. The heavy ions

are accelerated, and are generally assumed to have a

temperature gradient,
ol pg 40, 4O d
! "dx dx dx
= =unyOpo LT, =T fio —(T; =T .
Without an ion temperature gradient in this model it can
be shown that the ion-streaming towards the cathode
will not pass through the sonic point. To demonstrate
the transition from sub-to supersonic streaming of ions
we here for simplicity use the temperature gradient from
classical heat conduction, and hence use
2 dr;
dx :
where c¢; is a constant determined by the (ion)
temperature difference between the cathode and the anode.
With this equation we have a closed set of equations for
u;, p, ® and 7;. The set of equations may be put on the

general form

=CT'
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A(y)%xy_— =b(x,y)

p u O 0 u;
0 - 0 p

h A(y) = L y=
where now A(y) pu, T, p p y @
0 0 0 7* T,

and the components of b are given by the right hand
sides of the equations for particle conservation of ions, -
momentum conservation of bulk electrons and ions, and
the ion temperature equation, respectively.
From Cramer’s rule, the gradients are

D Ny oy,

dv A®y) |
where A(y)is the determinant of A and N,(x,y) are
similar determinants except that vector b replaces the

i’th column. The system of equations is singular when

Aly)=-p*(u? —u,*)t?'?, where u, =.[1+7,, equals
zero, i.e. at the sonic velocity. For solutions to pass
through this velocity also all N; must be zero there. The
equations may be transformed into an autonomous form

of 5 equations of 5 unknewns (x,y) by introducing a
“'new independent variable ¢, setting ‘

Ay, Do Didx =

" = A(y), P =Ni(x,y), i=1.4.
A closer study [2] of solutions of these 5 equations in
the neighborhood of the above singularity, which is an
equilibrium in the (x,y)-space, reveals the equilibrium
is a saddle point in a two-dimensional subset of the 5
dimensional (x,y)-space. Two solutions pass exactly
through the equilibrium, one from sub- to supersonic
velocity, and one from super- to subsonic velocity.

2.3 Equations, inner region (cathode sheath)
The non-dimensional variables are the same, except that
the characteristic lengthscale is changed from the length
of the fieldlines L to the Debye-length A,, the
lengthscale of the sheath. The mean free path of the
particles in the model is much larger than A,. Hence
one may assume that no collisions take place here. The
particle flow is cold. In this regime all the unknowns are
functions of the electrical potential ® only, and the
problem reduces to solving one implicit integral
equation in @ as a function of the new independent
variable &=+

3. Solutions

In the cathode sheath the solutions should fulfill the
boundary conditions u, =u,., pp = Py, P=D,. at
£=0. Subscript ‘¢’ refers to cathode values, assumed
known quantities. As & — oo, these solutions should

match solutions at x=0 from the outer region. Outer
region solutions must be properly tuned and meet
conditions also at the anode.

Background gas was assumed to be Hydrogen. Values in
the numerical experiment were set to n, =10"%m™,

n, =n, = 10"m™, v,. =3-10°m/ s, L=40m,

b, -D =100V, T, =10eV, T, =1eV. Subscript ‘A’
denotes anode. The collision cross sections used are
Oy =0.53-100m?, 6,45=9.5-102m? and
0, =200-10m*, and - a classical electron-ion

collision frequency was assumed. Fig.1 shows the ion
flow in the outer region, while Fig.2 shows the
transition from sub- to supersonic flow. The transition
takes place ats, =1.99cm =267A,, rather close to the

cathode sheath in the outer region. The sheath extends
approximately 104, from the cathode. The smooth
curves are the physically acceptable ones. A non-
physical (dashed) branch of flow is also shown.
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Fig.1. Ion flow in outer region. Cathode at left.
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Fig.2. Ion flow close to the cathode sheath. Cathode at

left.
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The effect of reflection of fast electrons from the anode:
Monte Carlo simulation of low current discharges at very high E/N

Vladimir D. Stojanovi¢ and Zoran L. Petrovié

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

1. Introduction

A Monte Carlo (MC) simulation code based on the
null collision technique, suitable for following the
electron motion in a steady state homogeneous
electric field E in rarefied gases including the effect
of the boundaries is developed and tested.

In this paper we study the effect of electron
reflection and backscattering from the anode
surface. This effect is represented by experimental
data for reflection coefficient, secondary electron
production, for energy distribution of reflected and
secondary particles and for angular distribution.

2. Monte Carlo simulation code

MC code consists of a null collision procedure for
determining the time of next collision. Moment of
electron scattering is determined from the total
cross section. Differential cross sections are used
to determine the angle of scattering. In our
procedure the differential cross section is therefore
effectively normalized to the total cross section.
Differential cross sections are taken from
experimental and theoretical data in the literature
and defined in up to 70 different energy segments
for each process. Attention is payed to maintain
the momentum transfer cross section in agreement
with the standard swarm derived cross section sets.

Electrons hitting the anode may be either absorbed,
or reflected with the loss of energy according to the
available experimental data. In addition secondary
electrons may be produced. The angular
distribution of backscattered particles can be
defined as well.

We sample excitation as well as ionization events in
small spatial bins. Contributions of direct and back
scattered electrons are separated. We also sample
flux and energy of particles at fixed positions in the
gap including the surface of the anode which we
use to determine the electron energy distribution
functions (EEDF). These energy distribution
functions are relevant for experiments that sample
the EEDF through a hole in the anode [1], but are
not real EEDF of electrons in the discharge. Such

EEDF can be sampled by freezing the swarm of
electrons at a fixed time and taking all the energies.
We also sample directions of particles hitting the
electrode. :

The basic reason for developing the code was to
model the experimental data of Phelps and
coworkers [2-4] which are mainly the data for the
spatial distribution of emission.

Data for the reflection coefficients were taken from

[5] for graphite, [6] for stainless steel and [7] for
gold. Energy distribution of backscattered particles
was taken from the experimentsof Gergely et al. [8]
and the probability of secondary electron
production from [9].

3. Results

3.1 Models of backscattering
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Fig. 1 Spatial profile of emission for E/N=69 kTd
(E=1398 V/cm, p=58 mTorr) with contribution of
direct (d) electrons and the total emission including
the effect of backscattered electrons with cosine
(cos) and distribution along the field axis (z).
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In Figure 1 we show the effect of selecting
the cosine distribution of backscattered particles by
showing the results for simulated spatial profiles of
emission of the first negative band (1°) of nitrogen
at 69 kTd. In those calculations we have assumed
that the electrons are backscattered with triangular
energy profile between 0.6 and 1 of the incoming

energy, peaking at 0.95. There is small but
observable difference between such distribution and
triangular distribution from 0.8 to 1 peaking at 0.9
and a model where all electrons are backscattered
with the all available energy.

3.2 Comparison with experimentél data
In Fig. 2 we show the predicted and

experimental data for absolute spatial emission
profile for the second positive band (2%) of
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Fig. 2 Spatial profile of second positive band
emission at 6.3 kTd (E=189 V/cm, p=91 mTorr).
Experimentaldata are shown as points, contribution
of direct electrons is denoted by (d), contribution of
fast neutrals by (n), contribution of back scattered
electrons with cosine distribution by (b). Total
predicted emission is denoted by "sum" and shown
as a solid line.

nitrogen obtained at 69 kTd. The Monte Carlo
results are in excellent agreement with the
experiment. ~ Close to the anode back scattered
electrons make a significant contribution to the
profile. Monte Carlo simulation predicts the shape
close to the anode very well and overall agreement
is excellent.

4. References

[1] S.B. Vrhovac, S.B. Radovanov, Z.1j. Petrovié
and B.M. Jelenkovi¢: J. Phys. D 25 (1992) 217.

[2].B.M. Jelenkovi¢ and A.V. Phelps: Phys. Rev. A
36 (1987) 5310.

[3] A.V. Phelps, B.M. Jelenkovi¢c and L.C.
Pitchford: Phys. Rev. A 36 (1987) 5327.

[4] ZLj. Petrovié, B.M. Jelenkovi¢ and A. V.
Phelps: Phys. Rev. Let. 68 (1992) 325.

[5] E.W. Thomas: "Atomic Data for Controlled
Fusion Research vol. III Particle Interaction with
Surfaces”, Oak Ridge National Laboratory, Oak
Ridge (1985).

[6] E.W. Thomas: Data Compendium for Plasma
Surface Interactions, Nuclear Fusion, special issue
(1984).

[7] S. Thomas and E.B. Pattinson: J.Phys.D: Appl.
Phys. 3 (1970) 349.

[8] G. Gergely, B. Gruzza and M. Menyhard: Acta
Phys. Academiae Sci. Hungaricae 48 (1980) 337.

{9] M. Rosler,W. Brauer, J. Devooght, J.C. Dehaes,
A. Dubus, M. Cailler and J.P. Ganachaud: "Particle
Induced Electron Emission I", Springer Tracts in
Modern Physics, Springer Verlag-Berlin (1991) 67.

XXII ICPIG ( Toulouse, France ) 17 - 22 July 1997 .




1-36

Trapped electrons in anode region of stratificated inert gas discharge

Y. B. Golubovskii*, V. O. Nekuchaev, N. S. Ponomarev

*Depanment of Optics, St. Petersburg University, Uljanovskaja 1, Peterhof, St. Petersburg, 198904, Russia
Department of Physics, Ukhta Industrial Institute, Pervomajskaja 13, Ukhta, 169400, Russia

The problem of potential wells and re-
verse electric fields existence in striations has
been discussed in a lot of works (see [1] and
references to it). It was shown in [2] that a lot of
reports about reverse fields in striations are the
consequence of experimental errors connected
with using of stationary probe for the measure-
ments of plasma potential dependence along the
discharge axis. The movement of kinetic stria-
tions through the anode region results in plasma
potential oscillations as a whole with respect to
anode with striations frequency. If one does not
take into account these oscillations and defines
the plasma potential axis dependence from its
time dependence he will observe illusory poten-
tial wells. The electron distribution functions
(EDF), measured in these “wells” don’t reveal
any features.

It was experimentally proved in present
work that potential wells in striations in the

positive column of rare gases don’t exist, at

h s

. 5
0 X,cm
-5
>-10-
o 2
_]5_

Fig.1. Potential profiles for S- (1) and
P-striations (2). Wells are dashed.
X=0 - the coordinate of the anode.

least under experimental conditions
(pr1l+5torr i=5+30mA) But we
have discovered that for certain time intervals
there are potential axis profiles with wells of not
large depth €, ~ 1 eV adjoining to the anode.
The examples of such potential profiles for P-
and S-striations in the neon DC discharge are
shown in* Fig.1. There is a strong correlation
between the existence of potential wells and
EDF measured. The distribution functions
measured in the real wells differ sharply from
the ones measured outside the wells by the exis-
tence of strongly expressed peak in the range of
slow electrons with the energy less than the
depth of a well. In Fig.2 the EDF measured in P-
striations at the different distances from the an-
ode for the curve 2 in Fig.1 are shown. It is
clearly seen that EDF within the well is shrinked
to the range of small energies and if one goes
away from the anode the amplitude of slow
electrons peak increases is in a good

E o |
; .
S 4
a” ,
5 |
* 2
& I\\ yA
S~
= X
3 70,2
0 10 20
w, eV

Fig.2. EDF measured in the near-anode region

for P-striation.
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firstly, reaches the maximum value in the middle
of the well and then decreases. When we pass
through the boundary of the well the EDF form
changes strongly, the slow electrons peak disap-
pears and EDF becomes typical for P-strata in
the positive column.

The problem of EDF formation in the
potential fields with wells has been solved by
means of the division of electrons into two al-
most independent groups: trapped (€ < €,) and
free (€ > €,) [3], where €, is the depth of the
well. Note that fluid approach cannot explain the
existence of these two groups of bulk electrons.
The distribution function for trapped electrons
was found on the base of one-dimensional ki-
netic equation in variables of € - total energy
(kinetic plus potential) and coordinate x [3]. If
the energy relaxation length with respect to
elastic and electron-electron collision is greater
than well size one can assume that EDF for

“trapped electrons f; (¢, ) depends on € only.
In this case it is possible to make an averaging
of kinetic equation on coordinate x and find
that maxwellian expression for EDF is valid

Q(g,) €y — aj 4l
T {exp( T 1} ~

D(g,) °
~ const - ex (‘— —8—)
P T

e

fot(g) =

@)

The value of T, can be found from the integral
energy balance for the trapped electrons

H. +H,-H!-H!-H) =0 (3)

where H| - describes the heating of trapped
electron by means of inelastic collisions of free
electrons with € > €, and thus arising a slow
electrons with energies € — €,, H_ - the heat-
ing due to cooling of free electrons in collisions
with trapped ones, H - the flux of electron
energy out of boundaries of the well due to col-
lisions with atoms having non zero temperature
T,; H? - the diffusion cooling due to electron-

electron collisions within the well, H- de-
scribes the energy exchange of trapped electrons
in the elastic collisions with atoms. in the well
volume. The calculated value of T, = 0.35 eV
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qualitative agreement with experimental one
~0.3 eV.

The joint consideration of the equations
of particle balance and energy balance for the
trapped electrons has allowed to find the density
n' and temperature of trapped electrons by
means of density n’ and mean energy of free
electrons and therefore to calculate consistent
EDF in the whole range of energies. The values

of n'/n' ~ 26 and T, ~ 0.38 eV obtained
from two balance equations are in a good
agreement with experimental data. In Fig.3 the
comparison of EDF theoretically calculated for
trapped and free electrons (solid) with the ex-
perimental function (dots) is shown.

4 -
. wmfo* | 0'9, eVixem

x10

w, eV

Fig.3. EDF measured (dots) and calculated
(solid) for the potential profile with well.
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The mechanism of losing fast-moving electrons

in the Penning cell
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The possibility of oscillating fast-moving
electronz escaped from cathode-reflectors in the
Pemning cell was first mentioned in [1]. In [2] it is
confimmed by the calculations of the mechanical
properties of fast-moving electrons in the two-
dimensional Perming cell, but the mechanism of losing
oscillating electrons out of the cell and its dependence
on the magnetic fields induction value B and the anode
voltage V, were not studied in [2] But it is this
mechanism that determines the main characteristic of

the Penning discharge in a weak magnetic field, when
~ the electron mean free path length exceeds the cell size
and is comparable with the path length of oscillating
fagt-moving electrons [3] Camrying out such
investigations is the purpose of this work.

To do this, the electron motion in the three-
dimensional Pemning cell was calculated and the
trajectories of r, z coordinstes were studied The
beginning of the rectangular or cylindrical system of
coordinates (X, y, z or 1, 2, @ ) wag chosen in the cente
of the cathode-reflector. The anode was used in the
form of the cylinder of the radius R, and the length L,
closed from the faces with cathode-reflectors at zero
potencial. The homogeneous magnetic field of the
induction B isg directed along the cell axis [4].

In very weak magnetic fields the electrons do
not seem to oscillate and after escaping the cathode
they fall on the anode. The increase in B changes the
trajectory to a greater extent and the electron fallen
within the opposite cathode can be reflected from it
This happens at some B~0.0075 T. In the magnetic
field B>B, at the same walue of V,, fast-moving
electrons can already be reflected from any cathode
and oscillate. The electrons escaped out of the cell
move in the direction of cathodes. There are electrons
which move to a definite moment (point A ) along

some curve (1 to 3) and after that they come back
- practically along the same curve (Fig1). Fig.2 shows
the trajectory of the electron which falls on the
opposite cathode (1 to 5 regions). This curve is
symmetrical relative to the cell symmetry axis. In
changing from one curve to another with increasing B,
the conditions of the electron motion change and
electron performs different number of oscillations N at
different values of B. This contiues up to some
maximal value of magnetic field induction (Fig3,
B=0.035 T). The dependence of the number N of
electron oscillations on B is the result of studying a
large number of electron trajectories under.the same

initial conditions (the distance from the axis = to the
point of escapign the cathode, the initial kinetic energy
Wo). An oscillation was determined as the reflection
from one of the cathode, In this case the dependence
N(B) can be constructed (Fig3). The latter makes it
possible to see the areas of magnetic field induction
values B, where fast-moving electrons perform a large
number of oscillations, which increases the probability
of their ionizing the neutral particles of a discharge
gap, and the intervals B , where fast-moving electrons
are casily lost from a discharge (N—0). Proceeding
from this, in the places of minima a fast loss of
electrons from a cell must cause the discharge
extinction. To chich this assumption the experiment
was made and the curve of the Pemning discharge
ignition were taken And indeed, in the area
corresponding to deep minima in the dependence N(B),
the decrease in the discharge current up to zero is
observed, i. e. the magnetic field B* was found when
the discharge doesn't burn, but it burns at By and B;
with Bj<B*<B,.

With further increasing the induction value of
the magnetic field B and leaving the oscillation
maxirmum region, from motion trajectories one can see
that the fast-moving electrons formed on one of the
cathodes, fall on another one without oscillations. It
was experimentally observed that in large magnetic
fields the discharge didn't ignite unti! another
mechanism of upkeeping the discharge, a magnetronic
one had started

Thus, the oscillations of fast-moving electrons
start at exceeding the magnetic induction B of some
critical value B In large B>B,, there are a number of
maxima and minima in the dependence N(B), and in this
case the mechanism of losing fast-moving electrons
resides in falling electrons on one of the cathodes
according to the curves shown in Figs. 1 and 2. Further
increase in magnetiic field leads to cessation of
oscillations so that an electron from one cathode,
passing over a cell, falls on the opposite one. The main
results following from the calculations are
experimentally confirmed by the form of the curve of
igniting the Penning discharge in the weak magnetic
fields B 2 B

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




?

00020 +

00015 |

00010

000 007 90z 003 004
z, m

Va>700 V, B=0.021 T, Wy=2.15 eV, R~0.009 m;
L=0.04m
1 to 3 is the sequence of trajectory lengths to the
return point A

Figl

r,mr— - . -
0.0030 |

00028 |-
Q0028
0.00%4 |
00022 |-
00020 |-

00018

00018 <4

¢.00 a0t g.02 o= 0.04

V=700 V, B=0.016 T, Wy=2.15 eV, R,=0.009 m;
1~0.04m
1to 5 is the sequence of trajectory lengths portions
after each reflction '

Fig2

1-39

N T T Y T

0 L
T 4
10:- 4
5 4
ar 4

s 1 b 1 A A '
0005 0410 0016 0020 0085 0030 O0D35 0040

B, T
V=700 V, Wy=2.15 eV; Ra=0.009 m; L=0.04 m
Fig3
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One—particle spectral function in
dense plasmas

R. Schepe, D. Tamme, K. Henneberger
Department of Physics, Rostock University,
D-18051 Rostock, Germany

Abstract

Starting from a Green’s function (GF) approach,
the one—particle spectral function and the dy-
namical screening are calculated in a fully self-
consistent RPA scheme. It is shown, that a
quasi—particle approximation cannot adequately
describe the corresponding features of a plasma.

Introduction

Within the last years a microscopic description
of many-particle systems under the influence of
external fields has become more and more a chal-
lenging topic in physics[1]. Especially nonequi-
librium phenomena play an important role nowa-
days. In the field of plasma physics it would be
interesting to discuss pulse propagation in dense
plasmas together with the interactions of pho-
tons and particles or particles which each other.
Bound and scattering states are influenced by the
field of the photons. A consistent description of
all the resulting dynamic effects within an ion-
ization kinetics is very difficult and - without
knowing the equilibrium properties of a plasma
in detail- surely not possible[4].

The goal of this article is to discuss the
one-particle properties in RPA. Whereas self-
energy determines the one—particle properties,
the screening of the interaction is given by the
polarization function. Both quantities can be ex-
pressed by vertex functions, and the lowest or-
der approximation in this connection is the RPA.
Strictly speaking vertex corrections had to be con-
sidered beyond RPA due to the Ward identity[2].
However, in the regarded parameter region our
numerical studies show that such vertex correc-
tions are very small and contribute less than one
percent to the RPA expressions. It is impor-
tant that both the damping of the one-particle
states, which are determined by the dynamically
screened Coulomb potential, and the polarization
function, which governs the screening and itself
is defined by the electronic properties, are calcu-
lated self-consistently.

Especially the one—particle damping is a crucial
quantity for it and determines beside others e.
g. the dephasing of a coherent polarization ~ the
so—called T, —time — in the plasma induced by
an external laser field. Generally a wavevector

(k-) and frequency (w-) dependent one—particle
damping has to be considered in, this connec-
tion. In many publications a damping being k-
dependent only or even constant is discussed. E.
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g., using the well known Lindhard dielectric func-
tion means to assume an infinitely weak damp-
ing. Attempts to generalize the Lindhard ap-
proach to finite and E—dependent damping lead to
series conceptual problems concerning sum-rules

and the static long wavelength limit [3].

The one—particle spectral function

We start from the one—particle Dyson equation of
sort o on the double time contour[1]:

GZ'(1,2) = Goa(1,2) — Sa(1,2) )
where GE, (11 and ¥, denote the inverse GF of free
particles and the self-energy, respectively. After
Fourier transform one obtains for the retarded GF

! @)

w— 2—1‘:: — E{,et(E, w)’

G (K, w) =

where

To(k,w) = 22 (F,w) — Z(F,w) =

~2 ImE;et(ic‘, w)
3)
is the damping and

aq(k,w) = G2 (F,w) — GS(k,w) = =2 ImG* (E,w)

(4)
is the spectral function. The correlation func-
tions are given as

GS = aa(E, w)fg(w), (5)

> .

where f< correspond to the Fermi function f,
according to f = 1 — f, and f5 = fo. The
scattering rates are to be computed from

>, Pq 2 N
Eg(k’w)=/ 3fa<(k+q')V:a (‘fvEE_i_q_w)v
(27)
- , (6)
where the screened potential propagators are
given by
i > > oL
Vi S(k,w) = n5(w)Veis (K, w), (N

and the following notations for the Bose function
ngy =1+ ng, n§ = np are used.
V2 in (7) is the spectral part of the screened
Coulomb potential. It can be expressed by the
retarded quantity,

VaalF,w) = V> (k,w) =V (k)
~2 ImV3* (K, w),

®)

from which the polarization function I, comes
into play using the ”optical theorem™

ImV3ret(k,w) = |Vad<(E, w)|2 ImITE (B, w). (9)

The RPA-polarization function on the Keldysh
contour reads

Ta(1,2) = 472 Ga(1,2)Ga(2,1).  (10)
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 The spectral part of the polarization function
II, is connected with the retarded polarization
function M7 via

Ta(k,w) = 13 (k, w) — TS (K, w) = —2 ImIT (K, w),

(11)

and the dielectric function is defined from II7¢*
by

C(E, w)y=1- Z Vaa(E»w)H:xet(va)a (12)

where Vo denotes the bare Coulomb potential.

We reformulate these equations by straightfor-
ward manipulations in order. to solve them nu-
merically by iteration. Using (6) — (9) and (12)
we obtain the damping as

Fa(fw) = —2 [ 29 / w@{na(n)m(wm]

@) S 27
xaa(k + §,w + Q) Vaa (@) Imle(d, Q)] 7. (13)

Using the Kramers—Kronig relation the real part
of the retarded one—particle self-energy X7¢% is
given by
rmy=p [ 42 Tk 9)
ReXy, (k,w)-_P/_o<> T r o0 (14)

where P [ denotes a Cauchy—type principle value
integral. After this the spectral function a, fol-
lows from eq. (4) as .
TofF,w)
(w -2 ReXret(F, w))2 + ;—F%(E,w)
(15)

The retarded polarization function is obtained
using egs. (5) and (10) as the convolution of the
spectral function

ret (7. _ dsq Cdw [* dws
Hat(k,w)——‘/@ﬂ.)a /_oo 2 /;oo 27

W—wi —was+id

aa (E, w) =

X o (§,w1)aa (7 + k,w2) (16)

We start with the free—particle approximation, i.

e. Xr¢ —y i§ —» 0, for the spectral function .

(15) and the retarded polarization (16}, leading in
eq. {12) to the Lindhard dielectric function. Us-
ing these expressions in egs. (13) — (16) we obtain
in the next iteration step the retarded self-energy,
spectral function, polarization function, and from
(12) the dielectric function. Since the spectral
function is modified in each iteration step, the
chemical potential is to be corrected in the end of
each cycle to reproduce the correct particle den-
sity via

na(ua,ﬁ)=[w-o;—:’/z%gaa(iw)fu(“i’)- (17)
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Moreover, after each iteration we checked the
sum rules and the static long wavelength limit
and found them fulfilled within the limit of nu-
merical accuracy.

As result a k- and w—dependent damping result-
ing in a broadened spectral function of the elec-
trons is obtained. The w—dependence of the spec-
tral function switches from a structure with three
maxima, after first iteration to a structure with

70— . . - : -
80
saf -

40

10

w-dependence of the spectral function during sev-
eral steps of iteration (zero of the frequency axis
denotes the particle dispersion; electron density
n = 102%cm ™2, temparature T = 2 x 10*K, non-
ideality v = 0.5 [5]).

one maximum[6]. During the iteration procedure
spectral weight is redistributed little by little, so
that the spectral function in the end gets a shape
which is neither a Gaussian nor a Lorentzian.

As a further consequence of this broadening the
polarization function is smoothed in comparison
with the Lindhard expressions, and the real part
of the polarization function reproduces the sta-
tic limit within the frame of numerical accuracy.
Furthermore, sharp plasmon satellites seen in the
first step, dissappear in the course of iteration.
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[3] N.D. Mermin, Phys. Rev. B 1, 2362 (1970)
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[5] W. D. Kraeft, D. Kremp, W. Ebeling and G.
Roepke, Quantum Statistics of Charged Particle
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The investigation vibrational Kinetics and heating of N, in the pulsed discharge
and its afterglow by CARS-spectroscopy and optical interferometry.

K.A. Vereshchagin ,V.V. Smirnov and V.A. Shakhatov.

Russian Academy of Sci., Moscow Radiotechnical Institute, Varshavskoe shosse 132, Moscow, Russia.

Introduction

The pulsed discharges in molecular nitrogen are
widely used in technological processes. For
optimization of work of technological setup the
problems on investigation vibrational kinetics and
heating of N, are raised.

In present paper the measurements of the
vibrational populations of the ground state of N, for
levels v=0-5 (VP) and growth of the gas temperature
T, as a function of time were carried out by coherent
anti-Stokes Raman scattaring spectroscopy (CARS)
and optical interferometry in the pure molecular
nitrogen in the pulsed discharge and its afterglow.
From comparing of experimental and numerical data
of the VP the summary cross section oy=Y.c, (the
sum of first eight cross sections o, of the vibrational
excitation of molecules by electrons) and the value of

VV-exchange rate constant K(l)? was determined.

Also the value of associative ionization rate constant
of atoms in the metastable states N(zP) and N(’D)
was appreciated. Using received value of o5, from
existing models suggested for calculation VV-
exchange rate constants the model was determined,
which allows satisfactorily to fit results of calculation
of the time variations of T, to our experiniental data.

Experiment

In experiments two types of discharge were used.
The first type of the pulsed discharge was created
between metal plates positioned inside dielectric cell.
The metal plates were spaced at distance 1 cm. The
gas pressure was equal to 115 Torr. The value E/N
(E is electrical field, N is the molecules
concentration) during discharge early phase
development varied between 180 and 200 Td. The
duration of the discharge was 40 ns, which was
calculated from half-height of the current pulse. The
current reached 1.5 kA at maximum. Once pulse of
current has been ended the value E/N became equal
10 Ta at the stage of afterglow for a time 20 ps. In
the experiment the values of the VP and rotational
temperature were measured by means of CARS
spectroscopy. The pulsed CARS-spectrometer has
been described in more detail in [1]. The rotational
temperature obtained in the range delays from 50 ns
to 20 ps from the beginning of current pulse was
equal to 320+30 K and for considered above
pressure it was identified with that of gas. The
second type of the pulsed discharge was created

inside a quartz tube with inner diameter 3.6 cm. The
length of the discharge zone was about 35.5 cm. The
gas pressure was equal to 6 Tor. The value E/N was
about 20 - 30 Td. The current was 1 A at maximum.
The time variations of T, was measured using
method of the optical interferometry based on
photoclectric detection space displacement of the
interferometric bands in the range delays from 100
ps to 2 ms from the beginning of current pulse. The
two - wave interferometer used in experiments has
been described in more detail in [2]. Measured
growth of T, and concentration electrons N, as a
function of time are presented in Fig.1.

1,6 7 measured Tg/Tw T =300 K
1,2 4 l A
4 ~ 1T —9@
0,8 1 -
/ calculated T,/T\, , T\ =300 K
0,4 4 //.\_ measured Ne/Neo, Neo=2-10'! cm™
0 T - T T - 1 t, ms
0,019 0,192 1,346 1,962
Fig.1
Theory

The following kinds of the particles were included
into the equations for the concentrations to describe
the main elementary processes taking place in N,
during discharge and its afterglow: nitrogen
molecules in the ground state (the number of
vibrational levels are 46; level v=47 is proposed the
level of dissociation by the vibrational excitation)
and also in the electronically excited states A32: s
B’ll,, CIl, B°X-, a'2-, WA, a'll, w'A,; the
atoms in the ground state *S and in the excited states
2P, 2D; the ions N; s N*, Nt , N7 and electrons. The
list of the processes which were included into the
equation describing time variations of T, is given
below: the elastic impacts of electrons on atoms and
molecules; the rotational excitation molecules by
electrons followed by rotationally - tramslational
relaxation; vibrationally - vibrational (V-V)
relaxation molecules on molecules; vibrationally -
translational (V-T) relaxation molecules on
molecules and atoms; the diffusion of the
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vibrationally and electonically excited molecules to
the walls with their following desactivation;
quenching of electronically excited state A3E: [31;

heat removal from volume. The Boltzmann equation
for the electron energy distribution function (EEDF)
was solved to determine the values of rate constants
for the dissociative electron-ion recombination and
for collisions between electrons and molecules with
consideration the main elementary processes which
are following: the elastic impacts of electrons on
atoms and molecules; the rotational, vibrational and
electronic levels of molecules excitation by electrons;
dissociation and ionization of molecules in the
ground state in collisions with electrons; the
unelastic and superelastic impacts of electrons on
vibrationally and electronically excited molecules
and atoms; electron - electron collisions.

Results and discussion

Simulation of the time evolution of T, shows, that
in the case of the pulsed discharge created in tube,
the vibration to translation energy exchange due to
V-V collisions is dominant. As seen from Fig.1, the
quantative agreement between experimental and
calculated values of T, is achived by using the VV-
exchange rate constants reduced in model discussed
in [4] for levels v>9. The experimental investigation
and the numerical simulation of time evolution of the
VP for above mentioned conditions of discharge
created in dielectric cell has shown, that: the change
of the VP for levels v=0-5 is determined essentially as
the result of the excitation of molecules by electrons
in during discharge from 10 ns to 50 ns; the EEDF is
markedly affected in owing to the production of
atoms in the ground state N(*S) and, in consequence
of this, the VP for the five low levels are influenced
indirectly. Fig.2 shows the VP deduced from CARS
spectrum of N, and the VP calculated for t=50 ns.

In(N\/N o)

0 calculation the VP used N,
measured in experiment
calculation the VP used
1 N. predicted by theory
2 b

experiment

TS

Fig.2

In early stage of afterglow discharge from 60 ns to
15 ps the change of populations is caused primarily
by unelastic and superelastic collisions between
electrons and vibrationally excited molecules; in
discharge afterglow later 16 ps the prevalling
elementary process of redistribution of the
populations is VV-exchange. Fig.3 shows the VP
deduced from CARS spectrum of N, and the VP
calculated for t=16 ps (a) and t=20 ps (b).
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In(N,/No) calculated VP a
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AF experiment

0 1 2 3 4V
Fig.3

From comparing of experimental and numerical
results were established, that: the value of oy is
(10.5£1.2)-10™"° em® which is in close agreement with
result from [5]; the proposed refinement of rate
constant for reaction of the associative ionization
involving atoms of the metastable states NCP) and
NCD) (10" cem™s) improves the quantitave
agreement between experiment and theory; the
agreement between experimental and calculated
values of the VP at 20 ps is best accomplished at
Ké(; =(9+1)-10""° em™/s which is equal to the value
reduced in quantum-classical model suggested in [6].
Model presented in {4] for calculation VV-exchange
rate constants for v>9 satisfactorily fits results of
calculation of the time variations of value T, to our
experimental data.
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PHYSICAL PROCESSES IN A NON-EQUILIBRIUM GAS DISCHARGE
PLASMA IN MULTICOMPONENT MIXTURE

A.F.Alexandrov, A.M.Devyatov, V.M.Shibkov, L.V.Shibkova
Department of Physics, Moscow State University, 119899, Moscow, Russia
D.P.Singh, M.Vaselli
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The investigation of physical processes in non-
equilibrium plasma of gas mixture is one of
fundamental directions of low temperature
weakly . ionized plasma. Knowledge of

redistribution degree of mixture components in

dependence of discharge parameters and time of -

stationary establishment of mixture separation
level allows to understand many physical and
chemical processes and choose the optimal
regime of work of apparatus in which the work
substance is the gas mixture. At existence of
electric current in gas there are the complicated
interactions between both free charge particles
between each other and with neutral gas atoms
in ground and excitation states. In result of this
interactions atoms acquire the additional énergy
and impulse. This fact can be cause of complex
_ redistribution of gas density at electric current
flowing. In gas mixture the phenomena are
complicated because of the unequal effect of the
same forces on atoms and ions of different
components of mixture. The next mechanisms
lead to space redistribution of gas components
with strong different masses and ionization
potentials: 1) transference ‘the kinetic energy
from ions to gas atoms; 2) "ionic wind"; 3)
termodiffusion;.4) cataphoresis and some other
mechanisms. The phenomenon radial and axial
cathaphoresis is observed at passage of a

electrical current to a mixture of gases and it is

connected  with distinction of ionization
potentials of a mixture components. Because of
it the relative degree of ionization of weakly
ionized component appears higher. It results in
relatively greater transfer of this component in a
kind of ions to cathode and walls discharged
tube in longitudinal and radial electrical fields
in comparison with ions hardly ionized
component. At walls and cathode tube ions
weakly ionized component are neutralized and
create the area with increased density of atoms
of this component. As the degree of ionization
of a impurity exceeds a degree of ionization of a
main gas up to the several orders, the space
redistribution of the concentration of hardly
ionize;d component can be neglected.

The theory of radial and axial redistribution of .
gas mixture at diffusion regime was elaborated.
In it the problem about space distribution
degree of mixture concentration in dependence
on external parameters (discharge current,
partial pressure, gas temperature) and influence
this distribution on plasma characteristics were
considered. At this point the base gas is
considered as background, determined moving
the particles and giving the inset to ionization;
because of small degree of ionization the main
gas radial redistribution can be neglected. The
electron temperature is considered constant

along section owing to high electron heat-
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conductivity. In spite of these assumptions the
- analytic solution of total system of equations
was not a success to decide. It is necessary to
carry out the numerical calculations. This
calculations give possibility to determine the
degree of radial distribution in dependence on
distance from cathode boundary of positive
* column, that is correlation the axial and radial
distributions.

The space redistribution of components can be
as useful, as harmful from the point of view of
practical application of such discharges.
Therefore it is necessary to know dependence of
" a degree of redistribution on conditions of
existence of a ionized gas: the sort and structure
of gases, partial pres‘sure of components,
density of a current, mass and energy of
ionization of particles, sizes of a chamber,
where plasma is created, and other. The degree
" of redistribution of components also depends
on a kind of the discharge, on frequency of a
enclosed electrical field (constant, HF,
microwave categories). |
On the basis of experimental and theoretical
researches it is possible to do next conclussions.
I. Axial of

components at passage of electrical current

and radial redistribution
through a tube occur simultaneously, mutually
causing one another.

2. With growth of a discharge current and
partial pressure of a main gas rate and degree of
*_ redistribution are increased.

3. Incréase of partial pressure of a admixture
gas results in decrease of a degree of
~ redistribution.

4. The degree of redistribution under other
inversely proportional

constant conditions
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depends on radius of tube and temperature of a
gas.

S. The more difference of potentials of
ionization and masses of a mixture components,
the more radial and longitudinal redistribution.
6. The establishment time of stationary state of
radial distribution was several time less than the
reestablishment time of homogeneous radial
distribution of mixture atoms after current
pulse ending. The -effective diffusion length
diminished for mixture atoms.

7. Rate and degree of redistribution can be
controlled by changing of an external magnetic
field. .

8. It is possible to control rate and degree of
redistribution of one component by changing
percentage of atoms of the other components in
a multicomponent mixture.

9. The space redistribution of components of a
mixture at passage of a electrical current can
occur because of other physical reasons except
of a cathaphoresis mechanism.

10. The redistribution of components of
mixtﬁres in the gas discharge can be used for
thin clearing of gases from impurity. This
method is echologically harmless, wasteless,
high éfﬂcient, relatively cheap.

Reliability of experimental results are confirmed

by independent optical and  probe
measurements of radial distributions of
admixture ions and atoms in main and

metastable states and also by comparison of
experimental data with results of mathematical
model of the investigated phenomenon.
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Integral Boltzmann Equation with a Source Term.

G.1.Sukhinin
Institute of Thermophysics, Novosibirsk, 630090, Russia

1. Introduction.

The Integral Botzmann Equation (IBE) for spatial
and energy distribution fonction f(r,e) of secondary
electrons produced by a high energy electron beam
with arbitrary density distribution is treated. With
the help of Fourier-Bessel transformation, Green's
fonction for IBE is found. Green's function is
expressed through the “spectrsl” function p(v,e)
which is a universal function for the given gas and is
independent of gas density and electron beam
profile. The comespondence between the distribution
function f(r, ¢) and spectral function p(v, e¢) is
equivalent to the correspondence of the wave func-
tion in quantum mechanics in coondinate and
momentum representations. The developed theory
permits one to find spatial both of
secondary electrons distribution function and their
excitation rates in a plasma produced by electron
beams in gases.

2. Integral Boltzmann Equation.

The electron beams with energy in keV- interval are
widely used for gas diagnostics or activation [1,2].
In both cases, secondary electrons produced during
gas ionization by primary beam electrons play a very
important role because they have collisional cross

sections of molecules excitation, iomization or
dissociation greater than those for primary electrons.
Some emissions in electron beam created plasma are
caused mainly by secondary electrons. Intensity
dependences on gas pressure become noalinear due
to the influence of secondary electrons. The energy
and spatial distribution fanction of secondary elec-
trons (EESDF) can be obtained from the Integml
Boltzmann Equation with a source term describing
the production of secondary electrons by the electron
beam with energy E, , density n, and radial profile
x@ 1.

#r, &) af[[ GE22 [—w’(f})‘z'f T (g B aucrd e ()

|-

Yoy ews)) (7, ere)+[ dea,(s) (s, min(e,s-6-1)) F(F',e) }

where I is the ionization threshold of the molecule,
a= n,0o.% - is dimensionless gas density, q(Ey.e) -
the spectrum of secondary electrons produced
during gas ionization by primary electrons. This
_ equation describes the generation of secondary
electron in point ¢, elastic scattering and energy
loss ‘in non-elastic collisions (including jonization)
with corresponding cross sections o, (e). The
EESDF here is normalized by the condition

1/2_ A

[®1(F, e)(Ey e] "=—2

b

The excitation mate, ® (@, of j-state of molecule
will be given by the expremion

(1)

vy ( Ey) =f8,/f( T, e)o,(e) de

where o, (B )- is ionizing cross section for beam
electrons.

3. Green's Function of IBE.

With the help of three-dimentional Fourier-Bessel
transformation, we can introduce "spectral” function
p(v,e), and change the Integral Boltzman Equation
(1) into an equation with shifted arguments (v is
the variable of transformation - the analog of wave
number):
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g (e)p(v, e)=

[;{—é)—}{q( E, e) +3, 0,eE ) p(v, eve ) +

+f“1¢ka,(s)q(e,min(e,8“e‘1))P(V,s)} (2)

The “spectral” function p(v.e) is connected with
Green's function of the equation (1): -

G (|r-r'|, e (3)

u . o o
:.2_a2f dvvsm (a_.vl-f, I I) p(V, 8)
7T Jo |F-F')

Thus, the exact solution of the equation (1) can be
presented in the form '

£(r, &) =[ LE y(r) 6 |7+, )

Spectral function p(v.e) is somewhat more general
and universal than the distribution function f(r,e). It
does not depend on gas density and the stractare of
an electron beam profile and permits one to find a
spatial distribution function for any gas density and
any profile of an electron beam. It should be notad
that the “"spectral” function, p{v=0.), for "wave"
number v=0 corresponds to the EEDF of second-
ary electrons generated by an infinitely wide electron
beam or to the space-averaged distribution function .

3. Diffusional Approximation.
Analyses and numerical calculations of Eq. (2) show

that spectral function p(v,e) can be decomposed into
two tems: '

p(v, e)=p(v, ) +py( v, &)

The first term p,(v,e) describes secondary electrons
of the first generation which do not suffer any
collisions, and the second term (which becomes the
principal one for high gas densities) has specific
Lorentz, form:

pAv, e)

— (4)
1{vioge)f

p(v, €)=

It should be noted that the distribution function
corresponding to this term satisfies a diffusion-like
equation. The critical wave number, 04¢), in Eq.
(4) determines the coefficient of diffusion and is, in
its tum, determined through the equation (2) by the
whole set of collisional cross sections 0, (¢). Thus,
the "duffasion” of secondary electrons from the
region of the electron beam is strongly connected
with the energy dissipation.

4. Conclusions.

The theory of Integral Boltzmann Equation in
established. Exact Green's function of IBEq is found.
For the special case of cylindrical electron beams,
this theory has been applied for the justification of
electron beam diagnostics of rarefied gases. The
calculations of radial profiles of emissions energy
levels excitation rates evoked by an electron beam
and secondary electrons in nitrogen and Ar-SiH, will
be presented.
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Modeling of photolytically excited laser mediums pumped by
plan multi-channel sliding discharges
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1. Introduction

High laser output and specific energetic characteristics
have been obtained in recent years by sliding discharge
VUV radiation pumping of photolytically excited laser
mediums [1,2]. The inherent feature of those laser
systems was the presence of refractive index and gain
coefficient distribution inhomogeneities in their active
medium which could limit their performance capabilities
[1-4]. In the present work, we present a numerical
investigation of photochemical lasers (XeF and HF)
pumped by planar multi-channel sliding discharges [5]
to demonstrate the possibility of advanced laser
characteristic achievement using such pumping source.

2. Pumping source

The brightness temperature of a high-current sliding
discharge plasma channel reaches the value of 30
k°K in UV and VUV spectral regions [1,4]. Multi
channels placed in parallel and close to each other
alone a plane dielectric substrate surface form a large
area intensively radiating plan optical source [5]. In
our pumping scheme we consider a gas laser medium
pumped by two counterpropagating radiation fluxes
issued from two such sources facing each other.
Taking into account that the distance between two
channels is much less than the active medium
dimensions and that the ratio of this distance to a
channel width is less than S, the optical source is
assumed, in our model, to be homogeneous, plane,
and infinitely long with a surface brightness
temperature up to 20 k°K in the VUV. This last
assumption is justified by the fact that the surface
radiation intensity for 20 and 30 k°K differs about
five times in this spectral region.

3. Modeling and results

The model considers transport of pump radiation
through a nonlinear dispersive medium coupled with
chemical and kinetics describing the temporal and
spatial evolution of particle species. The optical
source is approximated as a quazimonochromatic
pumping radiation source. Simulations are
performed for the HF and XeF (C-A) lasers.

In the first simulation we consider NF; as F atom
donor to obtain an efficient optically excited HF
laser based on nonchain chemical reactions. Figure 1
describes the reaction scheme of the main physical
and chemical processes in a NF; / H, / Ar gas
mixture, This model was constructed on the base of
large bibliographic material analysis and particularly
on Ref. [6] and [7].

2,=(245-270nm)

............

~. L.

Fig. 1 : Schematic of the main processes of HF*
formation and desactivation in the NF;/ H,/ Ar
gas mixture. Solid lines are reaction results and
dashed lines show the involvement of different
compounds in the reaction.

In the second simulation, we study the XeF laser
system based on the XeF, molecule
photodissociation which produce XeF(B-X) and
XeF(C-A) laser transitions excitation in the UV (A =
353 nm) and visible (A = 480 nm) spectral regions
respectively [1-3]. The uniquely wide (70 nm
FWHM) XeF(C-A) transition is of particular interest
due to the possibility of amplification of an
ultrashort, down to 10 fs duration, laser pulse [8].
Part of computational results of the two
photolytically excited lasers are introduced on Fig. 2
and 3.
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Fig. 2 : Spatio-temporal active medium stored
energy density E; (a) and NF; molecules
concentration (b) distributions for NF; : H, : Ar
= 7x10' : 1x10" : 1.2x10" cm® initial gas
mixture placed between two parallel 10 cm
spaced planar optical sources with time-constant
brightness temperature 20 k°K. The stored
energy was defined by formula E; = X v; n;* ,
where v; and n;* are the number of HF molecule
vibrational levels and its population respectively.

The results show that high laser excitation
characteristics and perfect gain distribution along the
active laser medium can be obtained in both systems
by application of the proposed multi-channel sliding
discharge pumping scheme (Fig. 2a, 3). Fig. 2b
demonstrates spatial homogeneity of NF; molecules
concentration along the laser medium that can be
obtained in NF; / H, system. It follows that the
active medium will be optically homogeneous due to
the fact, that the refractive index variation is mainly
dependent on gas mixture chemical content [1,2].

4. Conclusion

The results of our work show promising prospects of
planar multi-channel sliding discharge application
for the optical pumping of photolitically excited
laser mediums. The proposed pumping configuration
by two counterpropagating radiation fluxes from
parallel  oppositively  situated  multi-channel
discharges makes it possible to obtain high energetic
laser and homogeneous distribution of the active
medium optical characteristics. We also expect to
present an experimental results on the scope of the
introduced material.

Gain coef. (cm-1 x 10-2)

04 | 04

03 s —— 03
0 1 2 3 4

Distance (cm)

th

Fig. 3 : XeF(C-A) transition gain coefficient
distributions at various moments of time for the
XeF, : Kr = 1x 10" : 6.5x10"® cm™ initial gas
mixture placed between two parallel 5 cm
spaced planar optical sources. Pumping
radiation intensity temporal profile is defined
by formula I = a exp(-bt) with maximum at 300
ns correspondent to the surface brightness
temperature 20 k°K.
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Investigation of the P-1 Model for
the Radiative Transfer in SFy Circuit—Breaker Arcs
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Abstract

This paper presents another approach in the res-
olution of the radiative transfer in circuit-breaker
arcs. A P-1 approximation is used to solve the radia-
tive transfer equation (RTE). Results are compared
to those obtained with the so-called “partial charac-
teristics method”.

1 Introduction

There is an increasing interest towards the devel-
opment and use of computational tools for the pre-
diction of circuit-breaker arc flow interaction. One
of the most important issue in arc modelling is the
prediction of the radiative transfer, which is a dom-
inant mechanism for energy transfer in the arc.

Until recently, most of the authors working in
the modelling aspects of circuit-~breakers arcs were
using the net emission coefficients, introduced by
Lowke {1]. However, these coefficients only. give an
approximation of the net radiation leaving the hot
part of the plasma and do not represent the strong
self-absorption of an important part of the spectrum
at the cold boundary of the arc.

A more recent method, the partial characteristics
method, has been introduced by Sevast’yanenko and
has been used by many workers in the field [2, 5].
Although the method greatly simplifies the radiation
problem compared to the complete equation of radia-
tive transfer, the method is still computer intensive
since it requires the integration over the solid angle
and this is usually carried out using many directions.
It seems that for integration with a transient arc sim-

ulation, a cheaper model is still required and this is

the objective of the present paper.

2 The P-1 Approximation

The RTE in an emitting-absorbing and scattering
participating medium is

3-VI = gy — (kx4 050) + H

Ts)

in /4[ I,\(.S‘.')‘:I))‘(sk,-,é)dﬂ,'

where I, is the spectral radiation intensity in the
direction 8, Ky, o5 are respectively, the spectral ab-
sorption coefficient and scattering coefficient, Iy is
spectral blackbody intensity, ®, is the spectral scat-
tering phase function and ; denotes the solid angle.

The radiation intensity is then decomposed into
directional-dependant coeflicient Y;"(8), the spher-
ical harmonic and I["(r) representing the spatial-
dependance, by a Fourier series as

. [ 1§
L(rd = Y Y @G @)

1=0 m=~1

Keeping the first term of the expansion, it can be
shown [3] that the radiation intensity is related to
the incident radiation G, and radiative flux g, by

L(r,3) = ZI—W[G,\(T) +3q, - 3] 3)

For circuit—~breaker arcs, as first approximation,
the scattering term is negligeable and has been
dropped [6]. It is also assumed that the walls have
negligeable contribution due to the high temperature
of the arc.

Then, substituting (3) in the RTE and integrating
over all solid angles yields the governing equations
for P-1 approximation:

VG, = —3'9,\(])‘ (4)
v. g, R,\(4TI’I[, -_ G)\) (5)

Combining both equations leads to a Helmholtz
equation for the incident radiation G

v. (%VG’,) = 3kaA(Gr —4rm) (6)
A

3 Bands model

Direct wavelength integration of equation (6) re-
quires large computation times and there is a great
difficulty due to the absorption spectrum which gen-
erally includes hundreds of spectral lines superposed
on a continuum radiation. However, the SFg contin-
uum spectrum presents natural bounds correspond-
ing to ionization levels and transitions. The absorp-
tion coefficients have been taken from [4] where five
bands have been used. The averaging has been per-
formed in a special way to take into account the
contribution of resonance lines. For these latter, an
escape factor has been used to represent the self-
absorption and this escape factor has been computed
in function of the arc radius.
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Defining mean values on band [ = [A1, As] by

Az

Az
a; =/)‘ g, dA, V.q;= V- q,dA (7)
1

2

Then total fluxes can be deduced by performing a
summation of results for each band

Niands Nyands

9= Y q@, Veg= ) Vg (8
=1 i=1

4 Numerical solution
4.1 Discretization

A finite-volume technique has been used to dis-
cretize the Helmholtz equation (6) by band. For a
given band ! and a control volume V', we have

/V v. (V'f’ )dV: /V 36, (G1 — dxIy)dV  (9)

The first integral can be transformed into a surface
integral using the divergence theorem

/ 1y ndas= / 3k:(Gi — AnLy)dV  (10)
a \4

v Ki

4.2 Boundary conditions

One of the main concern in this approach is the
boundary conditions. For an axisymmetric arc, a
zero flux is imposed across the axis. We have tried
classical boundary conditions found in the literature
like Mark and Marshak for the nozzle wall. Finally,
we simply set the incident radiation on the wall at
zero.

4.3 Resolution

For a one-dimensional axisymmetric arc, we obtain
a tridiagonal system which can be solved by a quick
method such as the Thomas algorithm. After de-
termining the incident radiation for each band, the
radiation flux and the divergence of radiative flux
can be computed using equations (8), the last one
corresponding to the net emission.

5 Results and discussion

The first attempt was to validate the model with
the net emission coefficients [1]. Figure 1 shows the
results for an isothermal arc of radius 10 mm. We
notice the same trend. The slight difference could be
attributed to the difference of spectral absorptivities
used in the two methods.

Comparison has also been made with the results of
Raynal et al. [5]. Using the same temperature profile
given for an arc of 5 mm , figure 2 compares the
results obtained using a 3-D partial characteristics
method and an axisymmetric P-1 approximation.

This results has been obtained using an equivalent
arc radius of 2.5 mm for computing the averaged
absorption coefficients.
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Figure 1: Net emission for a 10 mm radius arc
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Figure 2: Net emission for Raynal’s arc

6 Conclusion 3

The results indicates that this type of method pro-
duces results of sufficient accuracy to be used in a
large variety of modelling studies. The results shown
here present a great opportunity to solve the problem
of radiation transfer in circuit—breakers with interest-
ing costs. The model is currently being extended to
two—dimensions.
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Introduction

Theoretical studies of charged-particle transport in
the presence of both electric and magnetic fields have
advanced considerably in recent years [1-5]. How-
ever, not so many results have been reported for par-
ticle reactive (non-conservative) processes like ion-
isation, which can lead to interesting phenomena.
For example, the gyration of electrons in a trans-
verse magnetic field causes a much longer path in
spanning a given straight line distance (between elec-
trodes) compared with the case of no magnetic field.
Therefore it is possible that they experience many
more ionisation processes, thus resulting in a reduced
breakdown voltage. It has been observed that the
breakdown voltage at low gas pressures can be re-
duced from some tens of kilovolts to a few hundred
volts by the application of a transverse magnetic
field [6], an effect which lends itself to such appli-
cations as high current switches, cold cathode rec-
tifiers and plasma preparation [1]. The multi-term
method of Ness [2] can be used to calculate reac-
tive electron transport properties for arbitrary field
configurations, but, up to now, no work has been
published in this respect, even for the simple crossed
field situation. Vrhovac and Petrovic {7] have inves-
tigated reaction effects on transport coefficients of
electrons in the framework of momentum-transfer-
theory (MTT). In their model gas calculations, only
average energy and drift velocity have been taken
into consideration. In our work, all transport prop-
erties have been studied within MTT, and model
calculations for electrons have been carried out to
illustrate the magnitude of the reactive effects.

Theory

For reactive swarms moving in crossed electric and
magnetic fields, the momentum balance equation is,

—kT - Vn+ng(E + (v) x B) = nuvg(v), (1)

while for the energy balance

Q

nu,

1 -
—r2§m0(v) +Q. (2)

3
-Vn = <6) ot it} §kTg
Here E and B stand for electric and magnetic fields
respectively, and other quantities possess the same
meaning as in [8,9]. In our coordinate system, ¢E is
in +z direction, B in +y direction.

Proceeding in exactly the same way as in [8], we find
that drift velocity and diffusion tensor are given by

ET 0o
W=W"'—-"=. = 3
g OE’ (3)
- W kT 1kT 8% kT
D“aE'q 2°q OEJPE » (1)

respectively, where & = v, — vy, with v, and vy are
attachment and ionisation collision frequency sepa-
rately. W* is the flux drift velocity [10], and T is
the temperature tensor. The balance equation for T
can be found as in [4]. The flux diffusion tensor [10]
is defined as

OwW* kT
D* = e 5
5F g (5)
Note the structure of D:
: D:r: Dz-z
D= . Dy . (6)
DZ.’L' DZ

The above expressions are applicable to arbitrary
charged particle masses.

Generally speaking, reactions explicitly affect all the
components of the drift velocity and diffusion tensor,
for example, through the second term in (3) for the
drift velocity.

Results and Discussion

Although no restrictions on swarm masses have been
placed in obtaining expressions (3) and (4), as a first
step to our understanding of physical processes, it is
convenient to consider electron swarms.

For electrons, as discussed by Robson [4], m <« myg
and the near isotropic property of temperature ten-
sor greatly simplifies calculation of transport prop-
erties. The isotropic nature of T effectively removes
any explicit effects of reaction on Wy, D,, and D,,.

Figure 1 represents the drift velocity in the z direc-
tion, and the diffusion coefficients in the x and z
directions for a simple ionisation model [9] with ion-
isation energy er=10eV:

Om(€) = 10e71/2,
or(e) = { 0

2% 10~ 30,

€< €,
€ > €g.
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Figure 1: Transport properties for model gas [9]. (a) drift velocity in z direction, diffusion coefficients in (b) x
direction and (c) z direction. Quantities with * stand for flux properties.

Energies are in units of eV, and cross sections in A2
Other parameters are: m/mgy = 1073, T5=293K. A
smoothing factor is used for the ionisation process in
the vicinity of the threshold [11].

We observe that the explicit effect of ionisation is to
enhance both W, and D, (The same applies to D,,
although this is not shown here). We can understand
this change with the following picture of a traveling
pulse. In the z-direction, particles at the leading edge
of the swarm are more energetic than those at the
trailing edge. Since dvy/de > @ for this model, par-
ticles are preferentially created at the leading edge,
and there is an increase in the drift velocity in this di-
rection. However for electrons, the spatial profiles of
the average energy in both the x and y directions are
approximately symmetric, with the average energy
increasing with distance from the centroid. Conse-
quently electrons are preferentially generated further
from the centroid, and this reactive effect acts to en-
hance diffusion in these directions. By virtue of the
symmetry however, there is no explicit reactive effect
on these components of the drift velocity. As for the
diffusion in the z direction, since the spatial profile of
the average energy in this direction is not symmetric,
the physical picture is not so clear cut. Figure 1 also
shows that an applied magnetic field can change the
relative magnitude of D, and D} from that of E field
only, while D; > D7 always. '

With an increase in magnetic field, both the flux and
bulk properties decrease, as we expected.

Concluding Remarks

We have considered other models and plan also to

~ present results for E and B arbitrarily oriented.
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Time-dependent multiterm solution of the reactive spatially-inhomogeneous
Boltzmann equation for charged particle swarms in a.c. electric fields

R.D. White!, R.E. Robson' and K.F. Nerss:c

tPhysics Department, James Cook University, Cairns QLD 4870 Australia
{Physics Department, James Cook University, Townsville QLD 4811 Australia

Introduction

Recently a theoretical framework and associated time-
dependent multi-term computer code has been devel-
oped for solving the reactive space-time dependent
Boltzmann equation for the phase space distribution
function (White 1996). The aim of the work was to
overcome restrictions and approximations associated
with many contemporary investigations (Ferreira et al.
1991, Kortshagen 1995). In particular, this study al-
lows accurate calculation (typically to within 1%) of
both the full set of transport coefficients and the distri-
_ bution function f, with all of the following conditions
satisfied:

o No restriction on the number of spherical harmonics
in the velocity space decomposition of f;

¢ No assumptions concerning the time-dependence of
any of the components of the decomposition of f (i.e.,
avoiding restrictions associated with quasi-stationary
approximations (Winkler et al. 1984); effective field
theories (Ferreira et al. 1991); low-order Fourier-series
truncations (Makabe and Goto 1988; Loureiro 1993));
¢ Valid for arbitrary charged particle masses, field am-
plitudes and applied frequencies;

¢ No assumption of spatial homogeneity (eg. local
field approximation (Kortshagen 1995)); retention of
the gradient term in the Boltzmann equation allowing
for proper accounting of anisotropic diffusion effects;

¢ Rigorous treatment of reactions to ensure theoretical
computation of measurable transport properties (Ness
and Robson 1986).

~ We have found many interesting effects for a.c. fields,
especially due to spatial gradients and reactions:

¢ The anomalous character of anisotropic diffusion (see
also Maeda and Makabe (1994); Bzenic et al. (1994));
e Time-dependent negative differential conductivity
(NDC) effects (see also Bzenic et al. (1995));

o The peculiar nature of reactive effects, eg, attach-
ment may cause drift velocity to lead the field in phase.

Our approach also differs from contemporary authors
to the extent that we have always attempted to first
elucidate the basic physics through the use of simple
model cross sections, before tackling real gases, and
have drawn upon the extensive literature on the kinetic
theory of d.c. swarms (Ness and Robson 1986) to help
us explain the far more complicated a.c. phenomena.
We have also found it helpful to consider transient pro-
cesses and associated relaxation phenomena in coming
to terms with the observed a.c. profiles.

Theory

The velocity-dependence of f(r,e¢,t) is represented in
terms of spherical harmonics:

[o) {
frie,y=3 3" [ etiY@). ()

1=0 m=-1

No restrictions are placed on the number of spherical
harmonics considered, nor is any particular form as-
sumed for the time-dependence of the expansion co-
efficients. The speed dependence of the coefficients

g)(r,c,t) is represented by an expansion about a
Maxwellian at a time-dependent basis temperature
T3(t) in terms of Sonine polynomials. Ty(t) is a param-
eter used to optimise convergence and is determined
internally and automatically subject to specified accu-

racy requirements over the cycle.

It is assumed that the hydrodynamic stage has been
reached and that the familiar density gradient expan-
sion applies:

o0

flrety=> " fe,t) 0 (=V) n(r,1).

s=0

This representation is justified by White (1996) and is
in any case required for the determination of hydro-
dynamic (bulk) transport coefficients, viz, drift veloc-
ity W (t), diffusion tensor D(¢), and attachment rate
R,(t). These standard quantities are defined through
the diffusion equation B

on , W (t)- Vn—D(t): VVn = —Ru(t)n .

5 (3)
These measurable bulk transport coefficients differ from
the fluz coefficients defined in the density gradient ex-
pansion of the flux, through the inclusion of the explicit
effects of reactions. The spatial variation in the average
energy through the swarm results in a subsequent spa-
tial variation of the source term in the continuity equa-
tion. A rigorous treatment of reactions then requires
a density gradient expansion of this source term and
subsequently the bulk transport coefficients appearing
in the diffusion equation (3) must contain an explicit
contribution from reactions:

Ra(t) = = [ 71O e, 0)de,
W(t) = W*(t) — SO(2)
= [etOetde- [IMGO @), ©)

(2)

(4)
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and multiterm temporal profiles of n,D; and n,Dr in methane

(E/n, = 10coswt Td; w/n, = 1x107*® rad m® s~!) (b) Comparison of the flux and bulk drift velocity for the
attachment power law model (04 = ac® A% E/n, = 0.4 coswt Td; w/n, = 1x10~1% rad m3 s~ 1).

D(t) = D*(t) - S®(1)
:/dm@ﬁﬂoi/ﬂﬁm@ﬁﬂm (6)

where J is the reactive component of the collision op-
erator and W* and D* represent the flux drift and
flux diffusion coefficients. Previously, tredtments of re-
actions in a.c electric fields have neglected the spatial
variation in the source lerm. The physical origin of
transport brought about by energy selective creation
or annihilation of swarm particles can be physically
understood. The difference between the flux and bulk
properties are highlighted in Figure 1(b).

To determine all the bulk transport coefficients defined
in (3) in the presence of reactions, truncation of (2)
at s = 2 is necessary. Equation (2) together with
(1), yields a hierarchy of five coupled kinetic equations.
Much contemporary work however seems to revolve the
spatially homogeneous member of this set, and is there-
fore totally inadequate for considering spatial effects of
any sort, especially diffusion.

Example results

Figure 1(a) represents the profiles associated with a
~ two-term and multi-term truncation of (1) for the
transverse and longitudinal diffusion coefficients for
electrons in methane over a cycle of the electric field.
The errors associated with the two-term approximation
are obvious. One also observes the marked difference
between the n,Dp and n,Dp. Figure 1(b) represents
a comparison of the flux and bulk drift velocity for

a simple power law attachment model (04 = aePA?).
One should observe the errors associated with approxi-
mating the measurable bulk properties with the corre-
sponding flux property. A particularly striking feature
is the appearance of a negative phase lag in the p = 1/2
profile (i.e., the drift preempts changes in the field).
See White (1996) for a physical explanation. Calcula-
tions for other conservative and nonconservative model
and real gases will be reported.

Concluding remarks

The infastructure exists in the present theory and code
to study to the full plasma problem, ie, solving ion
and electron Boltzmann equations coupled by Poisson’s
equation. The focus of present work is to address the
full spatial problem, with no assumption of a hydrody-
namic regime.
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Interaction of an electron beam with gaseous nitrogen

A.V.Vasenkov
Institute of Thermophysics, Novosibirsk, 630090, Russia

Although many papers being devoted to the elec-
tron-gas interaction have been published, only a few
[1,2] give information on the electron distribution
function (EDF) as a function of electron energy and
position. The main purpose of the paper is compre-
hence whether the available data on cross sections
are sufficient to calculate very accurately the EDF in
energies and space, and, in particular, to describe
the measurements of Grun [3], Cohn and Caledo-
nia[4], and Barrett and Hays [5].

To investigate the EDF in plasma, formed by a
beam of electrons incident on gaseous nitrogen, the
Monte Carlo (MC) electron degradation technique
was used. The computer program follows electrons
through a series of collisions. Elastic scattering,
iounization, and excitation of electron states of mole-
cules were considered. After the scattering event had
been established, the anisotropic or isotropic scatter-
ing was performed. Elastic collisions are of first im-
portance in scattering of electrons by molecules.
Therefore, very accurate differential cross sections
for the elastic scattering of electrons are needed in
order to account properly for the behavior of elec-
trons in gaseous media. In this study elastic scatter-
ing in N, was treated using the form proposed by
Parter and Jump(2] is represented by the following
expression:

P1(8,.E) ~ /142 (E) - cos(®)F + {(EV1 +
2 p(E) +eos(@)

Parameters y, &, pt were obtained by Porter and
Jump [2] for the different energies at which data were
available. The values of parameters at the interme-
diate energy points in this paper were found using .
the standard spline interpolative techniqgue. Above 1
keV y was obtained by extrapolating the empirically
determined dependence to agree at energies above 20
keV with that from Moliere[6]:

v =170 105y, Z2/ (1 (t+2))
where T = E/mc? is the kinetic energy in units of the
electron rest mass, 7, is atomic number of the sub-
stance {(for nitrogen, Z, = 7), and
v = 1.13 + 3.76 (ZA137 (vic)))?

Data on inelastic differential cross sections in ni-
trogen published suggest that at electron energies
from 10 eV to 60 eV inelastic collisions cause ap-
proximately the same amount of scatter as that re-
sulting from elastic collisions. From the other side
we have available the semiempirical generalized
oscillator strengths of Porter et al (7] for angular
inelastic scattering by the primary electrons at high
energies which substantially forward peaked. Thus
in the case of ionization or inelastic collisions with

excitation of optically allowed states, which are the
most important inelastic events above 100 eV, the
angular scattering was delta function forward. In the
events with excitation of optically forbidden states it
was assumed that electrons scattered according to
the differential elastic cross section. Electron energy
gie%7r]z1daﬁon was simulated using the formulas given
in {7].
In order to test the accuracy of the present com-
putational model, comparisons were made with
laboratory measurements of emissions for electron
beam injections in N; [3-5]. The comparisons of the
normalized energy deposition distribution, as de-
fined by Grun [3], computed from the 3914 A emis-
sion spatial profiles and measured by Barrett and
Hays {5}, Cobn and Caledoniaf4], and Grun {3} over
an energy range from 0.3 keV to 5 ke'V were per-
formed. Table 1 compare practical range values
determined using present scattering models with
results of various authors [1-5). The range results
from current work are in rather good agreement
with measurements at incident energies of 2 keV, 3
keV and 5 keV, but become systematically overesti-
mating those from Barrett and Hays [5] at lower

energies.

Table I. Range data (in 10-6 g/em?) at selected inci-
dent energies (E;) (in keV). BH - Barrett and Hays
[5], CC - Cohn and Caledonia {4}, G - Grun [3],
PVM - Porter et al {2}, JG -Jackman and Green [1].

EE BB BH CC G PVM IG
0.1 0.31 0.33  0.37
0.3 119 106 . L13 125
0.5 224 213 2.16

1.0 6.02 5.72 5.68 6.45
2.0 18.22 17.70 20.60 17.30 18.60

3.0 34.58 3430 35.20
5.0 80.88 83.00 77.20 76.40 83.40 91.50

Now let us concentrate on the shapes of deposition
curves. At 0.3 keV (Fig. 1, a) calculated curve pre-
dict the peak on the larger distance from the point of
injection than experimental data and also falloff in
computations have more steep slope then that in
measurements. At 5 keV (Fig.1, b) the model gives
practically the same value of the shoulder that seen
from data of Grun(3] but position of maximum is in
better agreement with data of Cohn and Caledo-
niaf4}.

To summarize briefly, it was shown that the MC
method presented correctly predict the behavior of
deposition curves measured but averestimate the
position of peak from Barrett and Hays[5]. The dif-
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ferences are the most significant at 0.3 keV and 3
keV. 2.0 '

a

~< 1.0

F VPRV RO SR R

Fig. 1. The energy deposition curves at several en-
ergies: MC calculations - P; (solid lines) , Barrett and
Hays[5)(0), Cohn and Caledonia [4] (+), Grun [3}
(dashed line); a)E, = 0.3 keV,b) E, = 5.0 keV.

The results given were obtained using the cross-
section model (P;) which describes very accurately
various experimental angular elastic cross sections.
From the other side, the results obtained at low inci-
dent energies for depth of the peak aud range values
systematically overestimate those from Barrett and
Hays[5]. If the latter experimental work is correct,
then we can draw the conclusion that at low energies
a very accurate consideration of anisotropy is
needed both for elastic collisions and inelastic colli-
sions.

To determine the distribution of electrons in ener-
gies formed after the incident electrons and all its
secondaries and tertiaries had been completely de-
graded in energy, electron flux densities normalized
to the total ionization rates were computed (Fig. 2).

It is seen from the Figure that in low-energy range
distribution of electrons is practically independent of
energy of incident electrons. The distinctions be-
tween the results from these calculations and those of
Suhre and Verdeyen[9], Konovalov and Son[10]
could be due to several reasons (two of them are
mentioned here): (1) the cross sections are not the
same; (2) the computation methods are not the same.

1E+15
&
[
B yE+14
N
-
2
=
o 1E+13
1E+12I|ll L) T T?Tllrl T L) Illll'l
1E+1 1E+2 1E+3
B(eV)

Fig. 2. Comparison of electron flux densities from
Ref. 8 (short dashed lines), Ref. 9 (dashed line) with
present calculations (solid lines): (1) - E, =250 eV;
()-E, = L keV.

The electron flux densities were obtained at differ-
ent energies of incident electrons and distances to the
point of injection. It was shown that while at low
energies of incident electrons flux densities computed
are different, at higher incident energies flux densi-
ties in low energy range are coming to be independ-
ent of incident energy and distance to the point of
injection. Practical result from it is that spatial de-
pendencies of excitation rates of forbidden states are
similar to those of ionization at high incident ener-
gies and different at lower incident energies.

{11 C. H. Jackman and A. E. S. Green: J. Geophys.

- Res. , 84(1979) 2715.

2] H. S. Porter, F. Varosi, and H. G. Mayr: J. Geo-
phys. Res. A, 92(1987) 5933.

{31 A. E.Grun: Z. Naturf. A, 12 (1957)89.

4] A. Coln and G. Caledonia: J. Appl. Phys., 41
{1970) 3767.

[5]J. L. Barrett and P. B. Hays: J. Chem. Phys., 64
(1976), 743.

[6] Q. Moliere: Z. Naturf., 3a(1948)78.

[7] H. S. Porter, C. H. Jackman, and A. E. §. Green:
J. Chem. Phys., 65(1976) 154.

{8] D. R. Suhre and J. T. Verdeyen: J. Appl. Phys.,
47 (1976) 4484,

. [91V. P. Konovalov, E. E. Son: Zh. Teckh. Fiz., 50
© {1980) 300 {Sov. Phys. Tech. Phys., 25(1980) 178,
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Experimental determination of the secondary Townsend coefficient for rare gases.
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Application to plasma display panel.

G.Auday, Ph.Guillot, J.Galy, H.Brunet
Centre de Physique des plasmas et de leurs Applications de Toulouse
Université Paul Sabatier- 118, route de Narbonne, 31062 Toulouse Cedex
Tel.: 05.61.55.84.91 - Email: guillot@cpa22.ups-tise.fr

Abstract

Experiments have been investigated in order to
determine variations of the secondary electron emission
coefficient vs. reduced field. Results are given as a
function of the electrodes spacing for different
electrodes materials and for different rare-gases. This
research is supported by the company Thomson Tubes
Electroniques.

1. Plasma display panel

1.1 Presentation

Thanks to significant progress made over recent years
[1], plasma display panel (PDP) is the most promising
candidate for large size flat screens. To replace cathode
ray tube displays, PDPs offer many advantageous
characteristics as robustness, low operating voltages,
absence of geometrical distorsion, uniform luminance,
high contrast and extremely wide viewing angle.

1.2 Principles

The panel consists of two glass plates enclosing a gap
filled with rare-gas mixture (neon-xenon) at 560 torr.
Each plate carries a parallel array of electrodes and a
dielectric layer with magnesium oxide (MgO) layer.
The role of this layer is to protect the electrodes. At the
intersection of two electrodes, representing an
elementary PDP’s cell or pixel, occurs an electric
discharge emitting UV photons (147-173 nm). This
emission is next used to excite phosphors which
product one of the three fundamental colors (red. green
or blue).

2. Secondary Townsend coefficient

One of the most important parameters in a discharge
occurring between plane-parallel electrodes is the
secondary electron emission coefficient or secondary
Townsend coefficient called y. It represents the number
of secondary electrons knocked out by one positive ion
hitting the cathode surface. This number depends on
the kind of the electrodes material and the gas used for
the discharge. Its knowledge is essential so as to
simulate PDP’s behavior and wunderstand its

functioning. For modeling, the dependence of y on E/p
is useful (E is the electric field between the electrodes
and p is the pressure of the gas).

3. Experiments

An experimental method allowing a systematic
determination of this coefficient whatever the
electrodes materials (metals, metals with dielectric,
metals with phosphors...) and whatever the gas (rare
gases, mixtures...) has been developed.

The electrodes (5 cm of diameter), were placed in the
experimental chamber (see figurel). Their flat faces
were pointing towards each other. The spacing d
between them was adjustable from 0.2 cm to 1 cm. The
chamber was connected to a gas system and vacuum
pumps. ’ '
In the experiments, the pressure p was altered from 0.5
torr to 60 torr, which means 0.1 torr.cm< pxd <12
torr.cm.

The chamber was also connected to a circuit which
caused breakdown between the electrodes. This
electrical circuit allowed volt-ampere characteristics to
be determined. Electrodes were sustained with dc
voltage varying between OV and 1000V. The external
resistance could take values included between about
2000M¢C2 and 10kQ. In this way, it was possible to have
a current from 10"° A to 107 A.

Visual observation of the discharge was possible thanks
to a quartz window.

visual observation
.3

Ty

gas

figurel : Experimental chamber
(C is the cathode and A is the anode).
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3.1 Experimental technique

The different steps used to characterize the dependence
of yon E/p are the following;

(i) the different regions of the discharge could be
observed: the Townsend discharge and the three
regimes of the glow discharge (subnormal, normal and
abnormal). Thus, the current-voltage characteristics of
a de-discharge could be plotted (see figure2) and the
breakdown voltage V,, for many values of product pxd
was determined.

(ii) the next step was to represent the variations of this
voltage V vs. pxd, which is called the Paschen’s curve
(see figure3).

(ili) an examination of this curve finally gave the
dependence of y on E/p. In this view, one assumed
E/p=V./(pxd) and as the values of the first Townsend
cocfficient o are known as a function of E/p thanks to
Monte-Carlo simulation, y (E/p) was next deduced from
the formula :

1+—=¢"
Y
o= 1
7=
Voltage (V)
4
Vcl
Current(A)

figure2 : Current-voltage characteristic for parallel-
plane electrodes at one pxd value.

\Z

pxd (torr.cm)

figure3 : Paschen’s curve.
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3.2 Experimental results

Experiments have been investigated for different
electrode materials (stainless steel. copper, copper with
MgO) and many gases (argon, krypton, xenon and
neon). )

Experimental results (current-voltage characteristics,
Paschen’s curves and variations of v with E/p) were
found as a function of the electrode spacing (d=2mm.
4mm, 6mm and 10mm). In some cases, they were
compared with results from literature.

The curves in figure4 are examples of variations of y
obtained for d=2mm.

1 —— A
C ——&——B
- -t
i 3]
g F \ -
£ 01 \ AP,
c E \\ l.
001 Luvinad v
1 10 100 1000
E/p (Voltcm-1.torr-1)

figure4 :Experimental variations of y with E/p for neon.
Symbols represent our results for steel (A) and copper
(B) electrodes, respectively. The other curves are
variations found for copper electrodes

by [2] (= = = =)and by [3] ().
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Experimental determination and R-Matrix calculation of electron impact
excitation rate coefficients of neutral and singly ionized nitrogen

Robert M. Frost, Peter Awakowicz
Lehrstuhl fiir Technische Elektrophysik, Technische Universitit Miinchen, Arcisstr. 21, D-80290 Miinchen, Germany

Abstract

Collision strengths for neutral and singly ionized
nitrogen have been calculated with the R-matrix method.
The results were compared with measured coefficients
obtained by means of a low pressure cascade arc plasma.
The investigations were performed in an intensity
calibrated spectroscopic system operated in the visible
and VUV spectral range down to 53 nm.

R-Matrix calculations

The codes for the collisional calculations were deducted
from the OPACITY PROJECT [1]. The target modelling
was performed by using AUTOSTRUCTURE [2], a code
primarily corresponding to the well known
SUPERSTRUCTURE [3] but dealing with Hartree
potentials evaluated by Slater type orbitals. These
potentials offer one optimization parameter A, for each
orbital nl. The close-coupling calculation includes the
252p*, 252p°3s, 2s%2p?3s, 25%2p3p, 2572p’3d, 2s%2p’ and
the 2p’ configurations for the nitrogen atom and the
2s2p°, 2572p3s, 2s72p3p, 2s°2p3d, 2s72p® and the 2p*
configurations for the ion. Since the application of
pseudo orbitals did not improve the accuracy
significantly, they have not been used.

Experiment and calibration

For the purpose of the present investigations a stationary
low pressure plasma was generated in a Maecker-type
cascade arc [4]. The cascade consists of a stack of axially
insulated, water-cooled copper plates with aligned center
bores (7 mm&) forming the discharge channel. Silicon
rubber rings between the plates are “being used as
vacuum seals. Two tungsten electrodes on the anode side
and one external heated electrode on the cathode side
share the current load. The discharge was operated at 8 A
current and at pressure values between 30 and 1 hPa. The
stack of cascade plates was isolated by a vacuum-tight
acrylic glas cylinder which was pumped to prevent the
influx of atmospheric oxygen. The plasma consisted
mainly of helium with small admixtures of nitrogen. The
gas composition was adjusted by calibrated mass flow
controllers,

For the VUV intensity calibration in the range of 53 to
125 nm, the low pressure cascade arc was replaced by a
2 mm pure He discharge which was operated at normal
pressure (952 hPa) and 100 A current. The comparison
of the calculated continuum emission coefficient of the
He plasma and the measured signal at 27 wavelength
points yields the system response in the VUV. In order to
examine the continuous intensity calibration at several

wavelength points, the normal pressure arc was replaced
by a hollow cathode (8 mm&, 60 mm length). A detailed
description is given in Ref. [S].

The aforementioned discharges were investigated
simultaneously by two optical systems, observing end-on
nearly the same central region of the plasma columns
from both directions. A 2-m monochromator at the
cathode side served for diagnostic purposes in the visible
(vis) region (250-550nm). For precise wavelength scans,
especially of small line profiles, a photomultiplier
(R928/1P28) was moved by a piezo shift system
mounted on a precision mechanical drive. The response
was obtained by a calibrated tungsten strip lamp. From
the anode side, the VUV system was used for intensity
measurements. A platinum coated spherical mirror
focused the cross section of the plasma columns on the
entrance slit of a 1-m McPherson monochromator
(model 225) with a platinum-coated concave grating. A
channeltron multiplier was operated in the photon
counting mode. The discharge chambers and the VUV
system were connected by a three-stage differential
pumping system. For more information see Ref. [5]

Plasma diagnostics

Due to the low electron density and the energetically
high lying first excited state of the helium atom, the
state of the plasma is strongly non-LTE. Therefore the
Boltzmann and Saha equilibrium relations cannot serve
for diagnostic purposes. The temperature of the heavy
particles was derived by means of the Doppler
broadening of the Hel 471.32 nm triplet measured in the
minus fifth spectral order of the vis system, which
results in an profile of 2.6 pm of the 2-m
monochromator. The full halfwidth of the Doppler
profile amounts at least to 5.0 pm and leads to
temperatures between 2600 and 930 K for the different
pressure values from 30 to 1 hPa.

The electron density was measured by the Stark
broadening of the hydrogen Balmer B-line. Deuterium
was filled in to keep the Doppler contribution small. A
xz-ﬁtting procedure was performed with theoretical
profiles from Ref. [6]. The electron densities cover the

- range from 7.3 to 1.8 x 10” cm™,

The electron temperature was determined by applying
the corona balance to the level n=4 of the helium ion.
The measurement of the theoretically well known rate
coefficient X,,(T,.) of this hydrogen-like system via the
absolute line emission coefficient leads to accurate
values of T,. The resulting electron temperatures range
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from 5.4 to 8.8 eV for the pressure values given above.
For more details see Ref. [7].

Measurements
The following collisional-radiative model was used for
describing the on-axis plasma state:

N rllz+1
I Z MoXpm +— 5 8Lm |+ ZnnAnm =
n#m ™ n>m

nm[nc[ > Xom +sm}+ Z@m,,Amn].
nm n<m .

Further on, the ground state population densities n; of
NI and NII have been determined by n; =ny, /n, via
absolutely measured level population densities n,. The
calculated and Maxwellian-averaged collision strengths
have been inserted. Reabsorption was taken into
account by multiplying the Einstein coefficients A, by
the corresponding escape factors 6_, The radial
diffusion of the metastable particles was considered by
assigning ,diffusion- A_,‘s” to the meta-state to
ground-state transitions. The rate coefficients were
obtained by applying the corona balance under
consideration of the cascade processes and the
population contributions originating from the
metastable states.

Results

The rate coefficients X, for the NI transitions from the
ground state 2p° *S° to the 3s *P and the 2p* *P state have
been found to be significantly smaller than earlier
measured coefficients by Stone and Zipf [8], as
frequently supposed in the literature. The second is
plotted in Fig. 1 together with an older R-matrix
calculation from [9]: The open circles, designated by
uncorrected, show the rate coefficient without
correction for the cascade and meta contributions. -

In the figures 2 and 3 coefficients for an optical
forbidden transition and an exchange transition in NII
can be seen. The additional curve in Fig. 2 belongs to
fine structure collision strengths publicated by [10].
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Electron-Impact Dissociation and Ionization of Molecules Studied by
Laser-Induced Fluorescence Techniques

R. Siegell’3 , N. Abramzon?, and K. Becker’
'National Institute of Standards and Technology, Gaithersburg, MD 20899 USA
2Physics Department, City College of C.U.N.Y., New York, NY 10031 USA
3Departmem of Physics and Engineering Physics, Stevens Institute of Technology, Hoboken, NJ 07030 USA

Electron-impact ionization and dissociation
of molecules are very important processes in many
applications including gas discharges and plasmas.
While there is a reasonably broad database on total
and partial molecular ionization cross sections and
on cross sections for dissociative excitation of
molecules (i.e. for the formation of electronically
excited fragments), there is essentially no
quantitative information available on cross sections
for the formation of state-selected ions and there is
only very limited information on cross sections for
the formation of neutral ground-state dissociation
fragments. This lack of data is largely due to
experimental difficulties in the detection of the
reaction products (state-selected ions and neutral
ground-state dissociation products).

We have completed the construction and
testing of a triple beam apparatus (crossed electron
beam, gas beam, and laser beam) for the
measurement of absolute electron-impact cross
sections for the formation of neutral ground-state
dissociation fragments. We wuse laser-induced
fluorescence (LIF) techniques to pump the
dissociation fragments from the ground state to an
excited state and observe the subsequent spontaneous
emission. The apparatus is also suitable to measure
absolute cross sections for the formation of various
state-selected ions, e.g. N," ions in the X 'Z," ground
state. For most molecules, the total ionization cross
section (which is comparatively easy to measure) is
virtually identical to the cross section for the
formation of the molecular ion in its electronic
ground state, since the cross sections for forming
lons in electronically excited states are typically 2
orders of magnitude smaller than cross sections for
the formation of ground-state ions [1]. However,
this is not the case for N,, where exited molecular
ions are formed with appreciable cross sections [1].
Therefore, it is no longer justified to equate the total
N, ionization cross section with the cross section for
the formation of N,*( X 'Z,") ions.

Our triple-beam beam apparatps consists of
an electron beam with the following characteristics:
beam energy 5 - 400 eV, energy spread 0.5 eV
(FWHM), beam diameter in the interaction region 1-

-2 mm, beam current up to 10 pA at 50 eV for

continuous operation (we also have the option to
puise the electron beam with beam rise and fall times
of about 10 ns). The target gas beam (which
intersects the electron beam at right angles) is an
effusive beam emanating from a multi-capillary
nozzle with an estimated number density in the
interaction region of 1 - 5 x 10'? molecales/cm™.
The laser beam (which counterpropagates the
electron beam) is produced by an excimer-pumped
dye laser. The XeCl Excimer laser generates 8-10 n
pulses of 80-100 mJ at a repetition rate of 20-100
Hz. The dye laser (when operated with Excalite
392) produces pulses of about 4 mJ with a line width
of 0.0015 nm in the range 373 - 397 nm. Optical
detection is made in a direction perpendicular to
both the electron beam and the gas beam. The entire
triple-beam set-up is housed in a stainless-steel
vacuum chamber pumped by a turbo-molecular
pump station which achieves a typical background
pressure of 1 x 10”7 Torr which rises to about 4 x 10°
> Torr under operating conditions. We employ gated
photon detection techniques to record the LIF signal.
The experiment is under complete computer control.
The first series of measurements were
carried out investigating the ionization of N; and the
formation of N,*( X 'Z,") ground-state ions. - This
was done to avoid initially the added complications
arising from dissociative processes, e.g. fragments
formed with excess kinetic emergy. In the N,
measurements the laser beam was tuned to pump the
0-0 vibrational band of the X - B transition of the
N," ions produced by electron-impact ionization of
N; at 391 nm and we detected the 0-1 vibrational
band at 427 nm. By scanning the laser across the
rotational lines of the 391 nm band, we obtained a
rotationally resolved LIF spectrum of the 0-0 band.
Fig. 1 shows a portion of this spectrum near the head
of the P-branch. We note that this LIF spectrum was
obtained in the presence of the continuous

“background emission produced by the continuous

electron beam (beam energy 80 eV). Preliminary
studies involving a pulsed electron beam showed that
the signal-to-noise ratio of the spectrum in Fig. 1 can
be improved significantly by recording the LIF
signal only during periods in which the contimuous
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electron beam is turned off (pulsed electron beam
mode).

The LIF spectrum serves as the basis to
extract absolute cross sections for the formation of
N.( X 'L,") ground-state ions as a function of the
electron energy. This requires an absolute
calibration of the relative signal which can be
accomplished by e.g. Raleigh scattering from N,
LIF measurements with a gas whose photo-
absorption cross section is well-known, or by
studying a process whose electron-impact cross
section is well-known and can serve as a benchmark,
or by carefully characterizing all quantities involved
in the present experiment in absolute terms (which is
perhaps the most difficult way to normalize the
relative signal).

A detailed discussion of all aspects of the
present experiment will be presented at the
Conference. Preliminary values of the cross section
for the formation of N,*( X '%,") ground-state ions
will also be presented and future directions and

potential  applications for this experimental
technique will be discussed.

This work was supported by the U.S.
National Science Foundation.
References

(1] T.D. Mark and G.H. Dunn (editots), “Electron
Impact lonization”, Springer Verlag, Vienna, 1985

Fig. 1: Rotationally Resolved LIF Spectrum near the
Band Head of the N;* P Branch.
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VUV Emissions Produced by Electron Impact on Si-Organic Molecules

P. Kuruncz', K. Martus?, and K. Becker’
lPhysics Department, City College of CUN.Y., New York, NY 10031 USA
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Silicon-organic compounds are widely used
in a variety of plasma-assisted thin film deposition,
polymerization, and surface modification processes.
Among the most commonly employed Si-organics
are tetracthoxysilane (TEOS), Si(O-CH,-CH,),,
tetramethylsilane (TMS), Si(CH;)4, and
hexamethyldisiloxane (HMDSO), (CH;); - Si- O - Si
- (CH;)s. Collisional and spectroscopic data for
these molecules are scarce despite the need for such
data in efforts to understand and model the
properties of these plasmas and to identify the
important plasma-chemical reaction pathways.
Previous work includes the measurement of absolute
cross sections for the electron-impact ionization of
TMS and TEOS [1,2] and the analysis of optical
emissions in the near ultraviolet and visible (200 -
800 nm) produced by controlled electron impact on
TMS, HMDSO, and TEOS [3,4]. No information is
available on the production of energetic photons in
the vacuum ultraviolet (VUV) regime (50. - 130 nm)
by electron impact on these Si-organics. Energetic
VUV photons with photon energies of 10 - 20 eV
can affect plasma-assisted deposition, polymerization

and surface modification either adversely or

favorably (depending on the particular application).

We present a complete account of absolute
photoemission cross sections and appearance
energies for VUV emissions in the 50 - 130 nm
range produced by electron impact on TEOS, TMS,
and HMDSO under single collision conditions. The
experiments were carried out using a conventional
crossed electron-beam - (effusive) gas beam
apparatus in conjunction with an optical detection
system consisting of a VUV monochromator and a
channe! electron multiplier. The relative calibration
of the wavelength-dependent sensitivity of the
optical detection system was made wusing a
comparison of measured and calculated H, emission
spectra in the wavelength region from 80 - 130 nm
{5]. Absolute calibration of the measured cross
sections utilizes the well-known cross section for H
Lyman-o. emission following electron impact on H,
[6]. Further details of the procedure and a detailed
description of the entire apparatus have been given
previously {3,4,7].

The present experiments revealed that the
only electron-impact produced emissions in the VUV

from TEOS, TMS, and HMDSO of appreciable

intensity are the Lyman series of atomic hydrogen in
the wavelength region from about 90 nm to 122 nm.
Atomic hydrogen emissions from these targets were
also found previously in the visible (the H Balmer
series), but they were not the only emissions in that
region. In the VUV, no other emissions with
phiotoemission cross sections larger than about 1 x
10 cm? at 100 eV were found. The VUV emission
spectra of all three Si-organics were found to be very
similar, As an example, the VUV emission
spectrum produced by 100 eV electrons on TMS is
shown in fig. 1. The emission spectrum has been
corrected for. the wavelength-dependent detection
sensitivity of our detection system. The Lyman-o, f,
and y lines are clearly resolved in the spectra,
whereas the higher members of the Lyman series
could not be resolved with the given spectral
resolution.

Subsequently, we measured relative cross
sections of the strongest emissions from threshold to
about 200 eV which were then put on an absolute
scale.  Fig. 2 shows the relative Lyman-a
photoemission cross sections from TMS as a
function of electron energy. Similar curves were
obtained for the other two target gases. While the
absolute cross section values for TMS and HMDSO
were found to be quite similar, the cross sections for
TEOS were much smaller, similar to what was
observed earlier for the UV/visible photoemission

cross sections from TEOS, in particular for the

Balmer cross sections. Detailed studies of the VUV
cross section shapes in the near-threshold regions
revealed prominent structures in the cross section
curves (again similar to the Balmer cross section
curves). This indicates that more than one break-up
mechanism of the parent molecule contributes to a
particular emission feature (which is not surprising
in view of the complex molecular structure of the
target species). Furthermore, we found evidence that
the Lyman-a cross sections in all cases contained
significant cascade contributions from the Balmer
emissions. An attempt is underway to separate the
direct contribution from the cascade contribution for
the Lyman-a lines.

Similar to what was observed earlier for the
UV/ivisible photoemission cross sections, the
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measured appearance energies for the Lyman lines
indicate that in all cases partial fragmentation of the
parent molecule is the most likely mechanism by
which the excited H(n=2) fragments are formed.

This work was supported by the U.S.
National Science Foundation.
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Fig. 2: Lyman-a Cross Section from TMS.
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NEGATIVE ELECTRON MOBILITY IN Ar:F, MIXTURES.
THE DEPENDENCE ON THE ARGON MOMENTUM TRANSFER
CROSS SECTION.

INa Dyatko, M Capitelli and N Napartovich

1 Troitsk Institute for Innovation and Fusion Research, 142092, Troitsk, Moscow region, Russia
Centro di Studio per la Chimica dei Plasmi del Consiglio Nazionale delle Ricerche, Dipartimento di Chimica,

Universita di Bari, Italy

In the last years a number of papers have
appeared on the negative mobility (drift velocity) of
electrons in low temperature plasmas, in particular in
Ar.Cly [1], ArF, 2] and Ar:NF; [2] mixtures. The
purpose of present work is to investigate the influence
of the form of the momentum transfer cross section of
Ar on the calculated negative electron mobility in Ar.F,
mixtures.

The investigation was made by solving of an
appropriate Boltzman equation for the electron energy
distribution function. Two situations were considered:
a) steady state negative electron mobility in beam
sustained plasmas (the corresponding Boltzmann
equation and mecthod of numerical solution are
described in [1] ); b) quasi steady state negative
electron mobility in decaying plasmas ( Boltzmann
equation and solution method are described in [3]).

All calculations were carried out for gas
mixture Ar:F, = 1:0.005 at room temperature (T=300
K) and at atmospheric pressure. In the case a) the
electron beam current J,=0.05 A cm™ and electron
beam energy U,=350 were chosen. For the sake of
completeness we also calculate electron drift velocity in
purc Ar.
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Fig. 1 Momentum transfer cross section of Ar and

attachment cross section of F,. 1 - Qml, 2 - QmlIl, 3 -
attachment cross section.
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Two momentum transfer cross sections of Ar
were used in calculations: QI - [4] and Q,II - [5] (see
figure 1). Cross sections for F, were taken from [6].

Electron drift velocity, vs, was calculated by
formula;

1E [2e0 4  df(u)
Vqg= T — du, m
3N Im OQm(”) du

where f(u) is the isotropic part of the distribution
function, ¢ and m are the electron charge and mass
respectively, u is the electron energy (eV), N is the
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density of gas atoms and E is the electric field strength.
Results of calculations are presented in figures 2-5.

As it follows from figure 2, in the case of pure
Ar calculated vy is practically independent of the choice
of Qu.

In the case of the beam sustained plasmas
situation is completely different (see figure 4). The drift
velocity changes dramatically when the cross section
Q.II instead Q. is used in calculations. To clarify the
reason of such significant changes let us consider
graphs of electron energy distribution functions
presented in figure 3. As it follows from this figure,
distribution functions calculated with Q_II and Q,I are
graphically indistinguishable and have a maximum at
energies about 2 ¢V. The reduction in the value of f(u)
at low energies is caused by the removal of slow
electrons due to attachment to fluorine (see figare 1).
From equation (1) it is clear that electrons at energies
where the distribution function has a positive derivative
( u< 2eV) contribute to negative mobility and electrons
at energies where the distribution function has a
negative derivative ( u > 2 eV ) contribute to positive
mobility. The resulting value of electron mobility
depends on the correlation between these two parts of
integral (1). In such a case mobility may be very
sensitive to small variations of each part. According to
figure 1 graphs of QI and Q,II have an intersection at
energy about 2eV, Q. Il(u) > Q,l(u) between 0.3 and 2
eV and Q,lI(u) < QuI(u) between 2 and 10 eV. Since
f(u) is practically the same in both cases substitution of
Q. by QuII in the integral (1) leads to decreasing (by
absolute value) of the negative part of integral and to
increasing of the positive part. As a result, electron
mobility becomes positive.

As it follows from figure 5, in the case of
decaying plasmas calculated v, is also sensitive to the
form of the momentum transfer cross section.

This work was supported by Russian Basic
Research Foundation 96-02-19265.
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ELECTRON INTERACTIONS WITH CCize

L. G. Christophorou’, J. K. Olthoff, and Yicheng Wang'
National Institute of Standards and Technology, Gaithersburg, MD 20899-0001

We have completed a critically evaluated synthesis of the
available information on cross sections and rate
coefficients for collisional interactions of low energy
electrons with dichlorodifluoromethane (CCLF,) [1]. This
gas has many industrial uses and is of significant
atmospheric and environmental interest. While the
available data are limited, particularly for electron collision
cross sections, a reasonably complete set of cross sections
and transport data are assembled.

The work presented here includes a review, an assessment,
and a discussion of the following processes related to
electron interactions with CCLF,: (1) electron scattering,
including cross sections for total electron scattering,
momentum transfer, differential elastic electron scattering,
integral elastic electron scattering, and inelastic electron
scattering for rotational and vibrational (direct and
indirect) excitation; (2) electron impact ionization,
including cross sections for total, partial, and double
ionization, and coefficients for electron impact ionization;
(3) electron attachment, including cross sections, rate

constants, and coefficients,  and their energy and
temperature  dependencies, dissociative attachment
fragment anions, and negative ion states; (4) optical
emission under electron impact; and (5) electron
transport, including electron drift velocity and ratio of
transverse electron diffusion coefficient to electron
mobility. ‘

Figure 1 shows the cross sections (as a function of electron
energy, €) for total electron -scattering, total direct
vibrational excitation, integral elastic electron scattering,
total ionization, and total electron attachment. These data
are based primarily upon available experimental data.
Stated uncertainties of the data from which these cross
sections were derived vary from +5% to £25%. Other
cross sections, not presented here, due to space limitations
or uncertain reliability, are discussed in Ref. [1].

The structure in the total electron scattering and total
electron attachment cross sections is due to negative ion
resonances. The average positions of these resonances
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Fig. 1 Recommended cross sections for: total electron scattering, o, ,(g); integral elastic
electron scattering, ¢, ;, (€); Bohr dipole approximation of total direct vibrational excitation,
O in,airs (€); total ionization, o; (€); and total electron attachment, o ,(¢). Values foro_;, (€)
and oy, 4y, (€) are from Ref. [3], and the values for o;, (€) are from Ref. [4]. Values for o,
and o, are synthesized from several independent measurements.
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Fig. 2 Recommended density-reduced coefficients, based upon several experimental measurements,
for electron impact ionization, a/V; attachment, 1//V; and effective ionization (o-n)/N.

(below 10 eV), determined from the results of a number
of experimental methods, are: 0.9eV,2.5eV,3.5¢eV, 6.2
eV, and 8.9 eV, The 8.9 eV resonance lies in the region
of electronic excitation and most likely is associated with
excited electronic states. The 0.9 eV resonance is likely
to be due to the lowest negative ion state which has a
shallow minimum about 0.4 eV below the zero-level, as
is indicated by the positive value of the adiabatic electron
affinity of CCLF, reported by Dispert and Lacmann [2].

The CCLF, molecule fragments rather extensively under
electron impact, principally via dissociative ionization
and dissociative attachment; the latter process is
temperature dependent. No measurements have been
made to investigate dissociation into neutral fragments.

Figure 2 shows a plot of our recommended values for the
coefficients of electron attachment, ionization, and
effective ionization.  Stated uncertainties for the
coefficient data from which these values are derived
range from +3% to £15%. Analysis of experimental
measurements indicates that the effective ionization is
zero when E/N = (371x5)x10?' Vm’® (one standard
deviation).

The data in Figs. 1 and 2 can form the basis of Boltzmann
and/or Monte Carlo calculations to determine model-
dependent collision cross section sets for this molecule.

Such information is required along with additional
experimental measurements on a wide range of electron
collision processes for this molecule, foremost electron-
impact cross sections for momentum transfer and
dissociation of CCLF, into neutral species.

The recommended data for this molecule, and for CF,
(Ref. [5]) and CHF, (Ref. [6]), can be found on the
WWW at http://www.eeel nist.gov/811/refdata.
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Stationary electron distribution functions in multiple
double layers

L. Conde and L. Leén
Departamento de Fisica Aplicada.
ETSI Aeronauticos. UPM.
28040 Madrid, (Spain).

1 Introduction.

In recent experiments with glow discharges with
hemispherical symmetry, the radial plasma po-
tential profile presents succesive double layers
joined in series [1] . These stairstep electro-
static structures, are currently termed as mul-
tiple double layers. The plasma potential jumps
separate concentric plasma sheaths with different
properties and the outermost double layer limits
with the positive column of the discharge. The
electrons collected over this external boundary
of the structure are later focused over a cavity
formed anode which leaks neutral gas. The num-
ber of double layers, or equivalently, the quantity 4
of plasma shells in the structure could be con-
trolled by both, the discharge current and mass
flow rate [1]. o]
In this paper we discuss the structure and '
properties of the electron energy distribution
functions along the axis of symmetry of struc- 2
tures composed by two or three succesive double
layers which constitute the boundary between
different plasmas.The properties of the electric
discharge and the details of the equipment and
thechniques employed are described in Ref. 1.

-
e

x {cm)

L

1(E)

E(eV)

Figure 1: Radial plasma potential profile
and electron energy distribution functions
for different points along the radial coor-
) dinate X. The electron density f(E) is in
2 Experimental results. arbitrary units.

In Figure 1 we represent the measured plasma
potential profile along the axis of symmetry of
the structure. The thickness of the plasma po-
tential jump of the double layer is below the spa-
tial resolution of our measurements. Then, the
detailed struture of the double layer voltage drop
could not be resolved.
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In consequence, the electron distribution fuc-
tions were obtained from the voltage cur-
rent characteristic curves of collecting Langmuir
probes at points where the plasma potential
could be clearly determined [1- 5] .

The distribution fuctions corresponding to the
positive column corresponds to the low po-
tential values of Figure 1, which are roughly
Maxwellian. The discharge current in this case
was I3 = 40 mA and the neutral gas mass
flow rate 0.83 sccm (standard cubic centimeters).
The electrons are accelerated towards the anode
crossing the first plasma potential jump. Then,
inside the new plasma shell, the electron distri-
bution function spreads and later splits in two
different peaks as the electron progress towards
the anode. The low energy thermal population
grows and a high energy group of electrons ap-
pear. The presence of this peculiar group of
electrons was evidenced by the linear grown of
the current collected with the bias voltage in the
characteristic curves of the Langmuir probes [4]
. The energy of the beam and peak heigh corre-
sponding to this electron beam component was
estimated by the corresponding knee in the char-
acteristic curve in logarithmic scale ‘[4] .

This monoenergetic population becomes more
important after the second plasma potential
jump where three different populations coexist.
In the plasma shell closer to the anode, the low
energy thermal population grows. This is in ac-
cordance with the increment in the measured
number electron density n.. In addition, two

_different populations appear, a high energy mo-
noenergetic population and a small intermediate
energy peak. ‘

3 Discusion and conclusions.

We conclude that electron populations at the
high voltage side of the double layer presents con-
tains different groups of electrons. First, a ther-
mal Maxerllian component and groups of elec-
trons accelerated by the double layer plasma po-
tential drop. Secondly, a growing monoenergetic
population wich becomes more important as the
density of the plasma shell is increased. On the

basis of our experimental data, we are not in po-
sition to determine the origin of this beam com-
ponent. These monoenergetic group of electrons
is not present in the positive column of our dis-
charge and are originated by the multiple double
layer structure. We conjecture that such mo-
noenergetic electrons would be generated by a
mechanism similar to the so called hollow cath-
ode effect [6, 7] . The double layers presented
in the structure are tridimensional and electrons
could execute a pendulum motion between both
sides of the plasma potential drop. Several mod-
els predict that the final result of this process
would be the narrowing of the electron distribu-
‘tion corresponding to a particular goup of elec-
trons [6, 7] .
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NO(A*z") EXCITATION MECHANISM IN N,-O, PULSED RF DISCHARGE

S. De Benedictis, G. Dilecce and M. Simek”

Centro di studio per la Chimica dei Plasmi - CNR
c/o Dipartimento di Chimica Universita di Bari, via Orabona, 4 - 70126 Bari - ITALY
# Institute of Plasma Physics ASCR, Za Slovankou 3, 18200 Prague 8, Czech Republic

1. Introduction

The study of N,-O, mixture discharges is currently
receiving renewed attention, both theoretical and
experimental, because of its implications for
environmental issues, chemical synthesis, material
treatment and testing, as for spacecraft surface
protective materials. Recent research work on this
topic is devoted to DC, microwave and rf discharge
investigation, under subsonic and supersonic flow
regimes, both experimental and theoretical [1].

The kinetics in Np-O, plasma discharges is
rather complex since, together with N,, O,, N, O, NO,
N7O, NO, ground state species, numerous excited
states are produced [1]. Because of this complexity
most of the elementary kinetics have been studied in
afterglow conditions selecting as much as possible
single reaction channels.

One such process among the many is the
excitation of NO(A2E™) by collision with the nitrogen
triplet metastable;

NxA,v) + NO(X) > NO(AZ", v)) + N, (a)

whose observable product is p+12Xthe strong NO-y band

emission. Levels v = 0, 1 and 2 of the metastable
contribute to this process, and excitation of levels v’ =
0, 1 of NO(A) has been observed [2]. We have studied
process (a) in a rf pulsed discharge in order to identify
the source of NO-y band emission in our system. In
this contribution we present the evidence that process
(a) is by far the main NO(A) excitation mechanism.
To this end we have used a Time-Resolved Laser
Induced Fluorescence (TRLIF) technique to monitor
the temporal behaviour of N;(A,v =0,1,2) and of NO
in the post-discharge, and a time-resolved detection of
NO-y band emission. Proper correlation of the
experimental outcomes provides the mentioned result.
A practical consequence of this knowledge is that the
strong y band emission can be used as a monitor of the
nitrogen triplet metastable.

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 f excitation is fully
modulated by a 100 Hz square pulse. We have used for

the nitrogen metastable a LIF excitation-detection

* scheme involving the Av=4 and Av=3 sequences of the

(A3z,* - B2IL,) First Positive System transitions:
(A,v)+hv > 53 v+d) - (A, v+1) + hvg

The laser,
Rhodamine 640 and 610/640 delivers 30-40 mJ at A,
with a 10 Hz repetition rate. LIF detection of NO(X,
v=0) level has been achieved by the excitation of (0,0)
band at 226.28 nm and detection of (0,1) band at
236.33 nm of NO(A?S* - X*II) y System. The proper
laser wavelength is obtained by a non linear mixing
technique, in which R590 dye is pumped by the second
harmonic of the Nd-YAG, and the doubled dye beam
is mixed with the Nd-YAG fundamental beam at 1.06
pm. BBO crystals have been used for second harmonic
generation and mixing. About 800 pJ per pulse are
obtained at the required wavelength.

The laser operation is synchronised to the
discharge pulse, and the laser shot is fired at a
computer controlled variable delay with respect to the
discharge switch-off. The fluorescence light passes
through a 1 m fl monochromator, is revealed by a fast
side-on photomultiplier, and measured by a- 500
Msamples/s, 300 MHz Bw digitizing O-scope. The
phototube supply is pulsed, so that its operation is
restricted to a 25 pus window synchronised to the laser
pulse. This allows to avoid the saturation of the last
dynodes voltage partitioners due to the discharge
induced continuos emission, and to raise the saturation
level close to the space charge limit. This is very
useful in this case since the discharge emission at Ap
is comparable to the fluorescence intensity. Further
details about the discharge and LIF apparatus can be
found in [3].

The NO y band emission measurement is
achieved by the O-scope triggered by the discharge
pulse. The momochromator is tuned to one of the two
heads of the (0,3) band, at 259.57 nm of the (A2E" --
X2H) y-system.

3. Results

The decay of Nx(A, v=0,1,2) and of the (0,3) band of
NO y-system in the post-discharge has been measured
at O, percentages in the mixture in the range 0 - 23 %
and at 0.1 Torr total pressure. All the decays are single
exponential, so a first order quenching rate can be
fitted for each of them. It is important to underline that
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also NO(A) decay is single exponential with a quite
large time constant ( >100 ps), with complete absence
of a fast component (i.e. with a time constant < 1ps)
that clearly indicates the minor role of electron impact
excitation with respect to collisional excitation by long
living species. In order to compare N(A) and NO(A)
decays, the decays of v=0, 1 and 2 levels are combined
by a weighted sum and a resultant decay rate is then
extracted. The weights are calculated as the product of
the branching ratios for NO(A,v=0) excitation by
levels v=0,1, 2 of the metastable [2] and the
population ratios of these three vibrational levels,
- calculated from the LIF measurements by a proper
scaling [4]. This resultant decay rate is reported in fig.
1, and represents the decay rate of the excitation
source of NO(A,v=0) by process (a). The y-band decay
must be also corrected according the time evolution of
NO(X) in the post-discharge in order to correlate it to
the decay of its excitation sources. We have infact
observed by LIF that NO density slightly increases in
the post-discharge, as shown in fig. 2. The decay rate
of NO y-band after such correction is reported in fig.
1. ,
A clear correlation of the two rates in fig. 1 for all the
mixture composition indicates process (a) as the most
important y-band excitation source. Another indication
comes from verification of the following relation that
holds in case of process (a) for each N,-O, mixture:
Iy J/

[NO] 3" W, [Na(A, )]

where 1, is the y-band emission intensity and W, are
the same weight described above. '

A final note concerns the rotational excitation
of NO(A) that, as it comes out from fitting partially
resolved rotational structure of (0,2) and (0,3) bands,
cannot be characterised by a single Boltzmann
temperature. Population of high J-levels can be
characterised by significantly higher rotational
temperature than low J-levels. Due to the short
radiative time (200 ns) this could be related to the
excitation mechanism and offers interesting matter for
further investigation.

= const
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TEMPERATURE DEPENDENCE OF DEEXCITATION RATE CONSTANTS
OF Ne(*P;) AND Ne(°P,) BY Ar, Kr, Xe, AND N,

D. B. Khadka,* K. Yamada,* Y. Fukuchi,* T. Odagiri,* K. Kameta,* M. Ukait,

N. Kouchi*

and Y. Hatano* -

* Department of Chemistry, Tokyo Institute of Technology, Meguro-ku, Tokyo 152 Japan
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Collisional deexcitation of excited rare gas atoms by
atoms and molecules is of great importance in both
fundamental and applied sciences, which provides the
information on essential features of chemical reactions, in
particular, those including electronic energy transfer [1-4].
The collisional deexcitation is a key also to understand
fundamental processes in the interaction of ionizing
radiation with matter and the phenomena in ionized gases
[3-5]. A major part of the deexcitation of the lowest
excited neon and helium atoms by atoms and molecules,
M, is ascribed to the collisional ionization of M [1-5].

Collisional deexcitation processes of excited neon
atoms have not been extensively studied in comparison
with those of excited helium atoms [1-5]. Our previous
studies of the collisional deexcitation of excited rare gas
atoms have shown that a pulse radiolysis method has a
clear advantage over the other methods such as flowing
afterglow and beam methods to obtain absolute rate
constants or cross sections for the deexcitation of excited
rare gas atoms not only in metastable states but also in
resonant states,[l ,3-5] the collisional deexcitation of
Ne(®P;) and Ne(’P,) by M (M = Ar, Kr, Xe, and N,) has
been studied in detail in this experiment. The temperature
dependence of the rate constants for the deexcitation has
been measured in the temperature range from 133 to 295K
using a pulse radiolysis method and thus the collisional
energy dependence of the deexcitation cross sections is
obtained.

The apparatus and procedure in the present pulse
radiolysis experiment have been described in detail
previously [3-5]. Briefly, after an irradiation by an intense
electron beam pulse onto a mixture of Ne with a trace
amount of SFg and M in a gas cell, the time-resolved
optical absorption of [Ne( Pl) 1s4—2p3] at 607.43 nm
was measured, thereby, the time dependent variation of the
density of Ne(3P1) was obtained by means of newly
developed absorptlon law. The time-resolved optical
absorption of [Ne( P,): 1s5 —>2pg] at 633.44 nm was also
measured. A trace amount of SFg was added to remove
thermal electrons produced in irradiated sample gases. The
cell is kept within the error limit of x2 degree at
temperatures ranging from room temperature to 133K.

The total deexcitation rate of Ne*, 1:'1, is written as

v = 157+ kgpg [SFgl + ky[M],

where [SFg] and [M] are the densities of SFg and M in
Ne-SF¢-M system, respectively. The slope of v Lvs. M]
plots as one of the results is shown in Fig. 1 gives the
deexcitation rate constants, kyy, under constant [SF6] The
velocity averaged or thermally averaged cross section is
given as Op= kM(nu/SkBT) at a mean collisional
energy, E = (3/2)kgT, where p, kg, and T are the reduced
mass of Ne-M, Boltzmann constant, and absolute
temperature, respectively.

The obtained experimental cross sections for the
deexcnatlon of Ne(3P1) by Ar, Kr, Xe and N, and
Ne(Pz) by Ar, Kr, and Xe are shown in Fig. 2asa
function of mean collisional energy. The cross sections for
Xe are clearlg larger than Ar but slightly larger than Kr
for both Ne(“P;) and Ne( 5). On the other hand, the
cross sections for Xe and Kr are larger than N, but
slightly smaller than Ar for Ne(3P1) Since the deexcitation
of a resonant Ne(3P1) atom both contributions from an
electron exchange interaction and a dipole-dipole
interactio'n are involved, whereas that for a metastable
Ne( 2) atom is mainly ascribed to an electron exchange
mteractxon However, the optical oscillator strength for a
Ne: Pl" S transition is ver?l small (0.010) in comparison
with that for the He:21P—>1'S (0.276) [6]. Thus it is not
likely that the deexcitation of Ne(3P1) is mainly ascribed
to a dlpole—dlpole interaction. That is ‘why the cross
sectlons for Ne( P;) are generally a little larger than those
of Ne( P,). Moreover we have performed the optical
model calculation, which shows that an electron exchange
mteracnon plays an important role in the deexcitation of
Ne( P,) in collisions with Ar, Kr, Xe, and N, as one of
the results is shown in Fig. 3 [7]. The calculanon and

~ comparison of the present experimental results indicates

that although the deexcitation cross sections for Ne(3P1)
are ephanced by a weakly allowed dlpole-dlpole
mteractxon, the deexcitation processes for Ne( P;) and

' Ne( P,) are dominated by collisional ionization induced by

an electron-exchange interaction.
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Dip structure on EEDF in diffused Ny plasmas
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1 Introduction

Electron energy loss process due to the vibra-
tional collision produces a peculiar shape in elec-
tron energy distribution (EEDF) in low pressure
N, discharges (2. The effect of the collission
process is strong for the low energy range, re-
ducing a large amount of low energy electrons, so
that even a dip structure appearé about at 3 eV
in EEPF (electron energy probability). Such a
dip structure has been experimentally observed
in a kind of dc glow Ny discharges as well as in
ECR N, plasmas[s]. Since the effect of vibra-
tional collision process depends on the parame-
ters, for instance, the gas pressure and the elec-
tron density, the EEPF detection over a wide
range of parameters may stimulate the investi-
gations of N» discharge plasmas. '

In the present paper, we discribe the obser-
vations of EEPF in a diffused N2 plasma of low
pressure dc glow discharges.

2 Experiment

N2 plasmas generated by a dc discharge between

a mesh anode and hot cathode made of tung- -

sten wire of 0.3mm¢ was diffused in a cylindri-
cal glass chamber with 85cm length and 11emg.
The plasma density exponentially decreased to-
ward the chamberend. A movable cylindrical
Langmuir probe with 12mm length and 0.1mmg
was installed in the plasma. The probe current
detected as a function of a rampwise bias voltage
was digitized by a two - channel A/D convertor
with 12 bits resolution. The second derivative of
the current with respect to the bias voltage was
obtained by digital filtering technique (4. Ex-
periment was performed over the range of gas
pressure p from 2.0x 1037 orr to 2.2x10~2Torr
and discharge current I; from 50mA to 200mA,
the electron density n, being about 101%[m=3].

..... P =2.0x107 Torr
]00-, e p=5S.1x1073 Torr
—— P=81x1073 Torr
—— P=22x10"Torr
i
S
v
—
L,
a,
E ......
1072 I
107
0 2 4 6 8
e [eV]

EEPF [eV-37]

3

Figure 1: Dependence of EEPF on P, where
the EEPF is normalized by unity.

]00.

3

1077

£ [eV]

Figure 2: Dependence of EEPF on I,.
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Figure 3: Variation of EEPF along the ax-
ial direction, wher EEPF at L = 9.0cm is
normalized by unity.

3 Results and Discussion

Some EEPFs depending on p are shown in Fig 1,
where the position L of probe was 7.0cm from
the wall end of chamber, and Iy = 100mA .
The dip on EEPF became deep with p. Such
a variation of dip may be caused by the in-
crease of electron energy loss due to the vibra-
tional collision dependent of the increase in Ny
molecules. A typical dependence of EEPF on
I4 is illustrated in Fig 2, where L = 2.0cm and
p = 2.0 x 10~3Torr. This figure shows that the
dip became shallow with I;. The increase in 7,
with increasing Iy is related with the increase
of superelastic collisions between electrons and
neutrals with lower vibrational levels, eventually
leading to fulling the dip. An axial variation of
EEPF is shown in Fig 3, where p = 8.1 x 1073
Torr and I; = 50mA. The dip became deep with
L. The density n, produced by the dc discharge
(L =~ 9.0cm) decreased toward the wall end due
to the particle diffusion as shown by the decrease
in the total area of EEPF. The axial decrease in
7o may contribute to reducing the superelastic
collisions, thus enhancing the dip.

Assuming that Ny density is the Boltzmann dis-
tribution and the V-V and V-T reactions can be
neglected, we can obtain simple rate equations
for v = 0 and v = 1. Then we can estimate the
vibrational temperature 7, from the equations
in a roughly approximate manner. The value T},
estimated was about 2 x 10%3 °K

4 Conclusion

The EEPF was observed in a diffused Ny plasma
produced by a dc discharge over a pressure range
from 2.0 x 1073 to 2.2 x 10~2 Torr. A dip in
EEPF detected became deep with the increase of
pressure and the decrease of the electron density
as well as the increase of axial distance from the
discharge.
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IONIZATION COEFFICIENT IN ARGON-ISOBUTANE MIXTURES
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1. Introduction

Electron multiplication in strong electric fields is the
process which enables detection of low-energy ionizing
radiation by a proportional counter. It is characterized
by the mean gas amplification factor M, and depends
on the type of the gas or gas mixture and its pressure,
on the counter geometry and the applied high voltage.
The physical quantity which determines the gas
amplification is the ionization coefficient a, defined as
the number of secondary eclectrons formed by an
electron per unit pathlength. Usually, the reduced
ionization coefficient, o/P, is referred to as a function
of the reduced electric field strength S=E/P, where P is
the (total) gas pressure.

In uniform electric fields (or slowly-varying non-
uniform fields) the /P for a gas is a single valued
function of S. The reduced gas gain, InM/K, where
K=V/In(b/a) (V is the applied high voltage, b and a are
cathode and anode diameters, respectively) is then also
a single valued function of S for different K (or
different pressures P). However, in strong electric fields
or when the electric field over an electron mean free

path varies significantly, the electron cannot reach the.

equilibrium with the field [1]. Under such non-
equilibrium  conditions the electron transport
parameters including o/P, and therefore the reduced
gas gain, are lower than expected.

A large number of UV photons created in the avalanche
in a proportional counter filled with pure rare gases
makes such counter practically unusable. A certain
amount of a quenching admixture has to be added to
the rare gas to assure a good proportional counter
operation. If the amount of the quenching admixture is
not high enough, then the non-quenched photons may
cause additional avalanches and the gas gain increases
faster than exponentially with the applied high voltage.
The deviations from the straight line in a semi-log plot
(non-linear effect) in gas mixtures limit the highest
available gas gain. The purpose of this work is to find
the composition of argon-isobutane mixture’ which
assures complete quenching, and to determine the
ionization coefficient of isobutane and mixtures in non-
uniform electric fields.

2. Experiment

A cylindrical stainless steel proportional counter
specially designed for low-energy X-ray measurements
was used [2-4]. The anode radius was 12.5 um, and
that of the cathode 25 mm. The 55Fe¢ was used as a
source of photons having 5.89 keV. Pure isobutane
(>99.95%) and argon-isobutane mixtures of various
concentrations (between 2.2 and 50%) at total pressures

10, 20, 30, 60 and 90 kPa were used as counting gases.
The range of the reduced electric field strength at the
anode surface (S,) covered by the experiment was
5x104 - 1.4x106 Vm-1kPa-1,

3. Results

3.1. Gas amplification

An example of gas gain curves for argon-isobutane
mixtures at P = 30 kPa is shown in Fig, 1. In pure
isobutane at all pressures the gas amplification is an
exponential function of the applied voltage in the whole
range of gas gains, 10<M<3x104, In mixtures, gas gain
obtained with the same applied high voltage decreases
with the increase of isobutane concentration. The slopes
of the gas gain curves decrease with the increase of
isobutane concentration for constant total pressure. The
slopes also decrease with the increase of total pressure
for constant concentration fraction.
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Fig. 1. Gas gain curves for isobutane and argon-
isobutane mixtures at total pressure of 30 kPa.

In mixtures with low isobutane concentration a fast
increase of the gas gain with the high voltage is
observed. The range of the linearity of the gas gain in a
semi-log plot narrows with the decrease of isobutane
partial pressure. The highest gas gain still in the range
of linear dependence, My, is shown in Fig. 2. as a
function of the isobutane partial pressure p. No
deviation of the gas gain from the straight line is
observed for isobutane partial pressure larger than
approximately 10 kPa, and Mg~ 2x104 for these
relatively large partial pressures. The data for lower
partial pressures (1-10 kPa) can be fitted by a function

M, =D (p/kPa)C 1)

where C and D are fitting coefficients (C = 1.5610.09,
D = 760).
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Fig. 2. Maximum gas gain that allows for exponential

dependence of the gas gain on the applied high voltage,
M), vs. isobutane partial pressure.

The plot of the reduced gas gain, InM/K, obtained
under various pressures vs. S, does not result in a
single curve neither for pure isobutane nor for any
mixture. For a constant S, value, the reduced gas gain
is lower for smaller gas pressures than for larger ones.
This is typical of non-equilibrium effect. In pure
isobutane the non-equilibrium effect is observed at
Sa>3x105 Vm~lkPa-l,  while in mixtures the
. corresponding electric field strengths are lower and
decrease with the decreasing isobutane concentration.

103 L

O 4 b s

3.2. Ionization coefTicient

Gas gain can be calculated if the ionization coefficient
o/P is modeled as a furiction of S. Various such models
can be found in the literature, but they have all been
developed for conditions which result in the
equilibrium of electrons with the electric field [1,5].
Recently, Segur ef al. [1] have modified the gas gain
models by taking into account the non-equilibrium
effects. The obtained ionization coefficient has a form

o/P = A(K) exp[-B(K)/S] 05
where both A and B coefficients are explicit functions
of the electric field gradient K. The mean gas
amplification factor is then '

InM/K = AK)/B(K) exp[-B(K)/Sal. NE)

The coefficients can be obtained from the measured gas
gain data if In(InM/K) is plotted vs. S4-1. The present
data result in linear plots for all studied gases (for
mixtures only gas gains smaller than Mgy were
considered in the analysis), confirming the relation (2).
The slope of the lines changed with the gas pressure.
The coefficients A and B were determined for each
pressure separately. It is found that both coefficients
decrease with the increase of the total gas pressure, and

for a constant total pressure both increase with the

increase of isobutane concentration. The effective
ionization potential V;=B/A increases with the increase
of total pressure, and for low isobutane concentrations
it reaches the ionization potential of isobutane.

The ionization coefficient o/P obtained for pure
isobutane is shown in Fig. 3. For comparison,
experimental values obtained in uniform electric fields

[6-8] and values calculated under equilibrium
conditions [1] are also shown. No significant
differences among various data sets are observed for
S.<4x105 Vm-1kPa-l. In higher fields, the highest a/P
values are the calculated ones [1], while the measured
data in uniform fields [6] are lower, indicating onset of .
the non-equilibrium effects. Our o/P curves follow
generally the equilibrium curve only for low gains at
the same pressure, while at higher gains they increase
more slowly and are below the equilibrium curve. A
similar behavior of o/P is observed also in mixtures of
the same isobutane concentration at different pressures.

—
o present remits

0T \tntane,Sep 1]
----- Butane, Heylen [6]
......... Butane, LeHtanc (7] el
o e [sobutane, Lu [8] P=10kPa
[ ] -
? 40*
&
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0,0 5,0010° 1,0x108. 1,510°
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Fig. 3. Reduced ionization coefficient o/P in isobutane
compared to other experimental and theoretical results.

An interesting behavior of a/P in argon-isobutane
mixtures is observed. For a constant S, value, o/P
increases with the decrease of isobutane concentration
only at relatively low S,, and at some value of the field
o/P starts to increase with the incrense of isobutane
concentration. The crossing point of o/P curves is
observed at about 1, 1.5, 2.5 and 4x105 Vm-lkPa-! for
total pressures 90, 60, 30 and 10 kPa, respectively.

4, Conclusion

The. isobutane partial pressure of 10 kPa regardless of
the total pressure is necessary to assure a complete
quenching of UV photons in argon-isobutane mixtures
and to enable gas gains above 104. The ionization
coefficient o/P under non-equilibrium conditions is
obtained for pure isobutane and wvarious argon-
isobutane mixtures.

Work supported by the Alexander-von-Humboldt Stiftung.
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On the influence of ionization degree on electron mobility in photoplasma
of sodium vapour - inert gas mixture

N.A. Gorbunov, Ph.E. Latyshev, A.S. Melnikov, I.A. Movtchan and 1. Smurov*

Physics Institute, St.-Petersburg University, Ulianovskaya 1, 198904, St. Petersburg, Russia
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The role of electron-electron collisions in

electron energy distribution function
(EEDF) formation in gas-discharge plasma,
when electron average energy differs from
gas temperature because of external electric
field, was thoroughly analyzed in [1,2]. It
was proved that plasma ionization degree
considerably influences on electrons
mobility in case when cross section of
elastic - electron-atom  collisions  non-
monotonously depends on énergy (heavy
inert gases).

In resonant laser-induced plasma the
main mechanism of electrons heating are
superelastic collisions with excited atoms. In
most experiments resonant transition during
laser pulse is brought to saturation (fp =
goN1/giNy=1, where N, and g;- concentration
and statistical weight of the ground state

(7=0) and resonant excited state (i=1)).

Relatively high density of resonant excited

states (n~10-20%) may be conserved until
~1 .pus because of radiation trapping. A
problem of electron mobility in laser
afterglow plasma through the time range of
excited atoms relaxation was not previously

studied in details.

This work reports a parametric
simulation of electron mobility in (Na + He)
and (Na + Ar) mixtures by various
ionization degree Y components
concentrations and resonant excited sodium
atoms density (correlating with experimental
conditions of [3]). Numerical simulation of
kinetic equation was performed taking into
account  electron-electron and  elastic
electron-atom collisions, excitation and de-
excitation by electron impact of resonant Na
(3P) states. Electron mobility p versus
buffer gas (He and Ar) pressure is presented
in Fig.1, Fig.2.

The obtained results -show that for
Maxwellian distribution (dominant role of
Coulomb collisions in EEDF formation)
electron mobility in (Na + Ar) mixture
exceeds for several times the one in (Na +
He) mixture (curves 5,6 Fig.1, 7,8 Fig.2).
This effect is sufficiently explained by the
fact that the cross-section of elastic
collisions in Ar is smaller than the one in He
through the considered electron energy
range (0.1-1 eV).

When the ionizat.ion degree is lower that
107 the elastic collisions with buffer gas

atoms and inelastic collisions with excited
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Na atoms notably affects EEDF shape
leading to non-equilibrium distribution. In
this case electron mobility in (Na + Ar)
mixture becames non-monotonous and
reveals a drop for an order of magnitude
(curve 3 Fig.i, curvé 2 Fig.2), while in (Na
+ He) mixture the mobility continuously
increases and may exceed the mobility in
Ar. This obvious contrast in electron
behaviour may be explained by different
shape of elastic electron-atorﬁ collision
cross-section in Ar and He. In Ar the cross
section increases over (0.3-9) eV. Due to
superelaétic collisions with excited Na
atoms a considerable part of electrons got
into this energy range; consequently, the
mobility drops. On the contrary, in mixture
with He, where elastic collision cross-
section reveals a very week energy
dependence, the electron mobility practically
remains the same (curves 5,6 Fig.1, curves
3,4 Fig.2).

In [3] the  measurements of

photoionization current in Na thixture with

He, Ne, Ar at (1-300) Torr inert gas pressure
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Fig.2

were performed. It was established that by
similar experimental conditions the electron
current in (Na+He) and (Na + Ne) mixtures
is always higher than the one in (Na + Ar).
Supposing Maxwellian distribution function
the authors explained that effect by some
complicated plasma-chemical reactions.

The  present . simulation  clearly
demonstrates that the observed decrease of
photoplasma electron current may be caused
by a drop of electron mobility in (Na + Ar)
mixture caused by non-equilibrium EEDF
shape. This effect may be rather significant
and should be taken into account when
plasma conductivity is considered.

The authors gratefully acknowledge Dr.

T.Stasewicz for useful discussions.
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Oscillating Character of Electron Temperature Relaxation in a

Recombining Plasma
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** Institute of Experimental Physics, Warsaw University, Hoza 69,00-681 Warsaw, Poland.

Low temperature recombining plasma
arises in many practically interesting cases
like laser ablation plume, active media of
powerful gas lasers, flash lamps etc. Such a
plasma presents numerous intriguing
phenomena. Among the most important
of

temperature 7. and concentration N. during

ones are  oscillations electron

recombination. These oscillations

were
registered experimentally in Ar afterglow
T.

discharge [1]. Similar unmonotous

relaxation was obtained by numeric

modelirig of helium afterglow plasma [2].
In the reported experiments the T

oscillations »

were observed in plasma

generated optically in dense rubidium
~ vapour (10"-10" cm’®) with several Torr of
He as buffer gas. The vapour was ionized

by nanosecond laser pulses tuned to the Rb

55—6P transition. The electron
temperature was measured by Langmuir
probe. The oscillations were usually

observed for certain vapour densities and
certain laser power corresponding to initial
electron density of the order 10'-10" cm™.

Fig.1 presents a typical experimental result.

In order to find the criteria of the
oscillations arise and to evaluate their
damping factor a self-consistent system of
differential equations for the electron
temperature 7. as well as population of
resonance atomic level N: and higher
excited level N2 was considered:

OTe/dt = ~Vea(Te) (Te-To)-
-&o1 o1 (Te) No+ &1 Bio(Te) Ni
O Ni /3t =-P10(Te)NiNe+ o1 (Te) NoNe+A21N:
ON2/3t = - A2iN2+ arecTe"*NEN*

Here ve.. describes rate of energy losses

for elastic atomic collisions, 7. - atomic

g -

(depending on the ionization degree)

temperature, effective

energy
transferred to the electron gas due to the
excited level depopulation, & - resonance
level excitation threshold. fors and Pio are
excitation and deexcitation rate constants
respectively and cvec denotes rate of three
body electron recombination with positive
atomic ions N*.

The effective relaxation rate Azr of the
N: excited level is determined by multiple
The Az
calculated as a total probability of the N:

radiative processes. value is
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radiative decay via numerous intermediate
states between N; and N:. Two groups of
the higher

considered, depending on the collisional or
of Kkinetics

excited N: levels were

the radiative character
governing their population [3].
We started out the modeling with a

simpler case for a pure Ar plasma, where

- [P0 is a constant and the direct excitation

from the ground state can be neglected
(T.< < ). Phase plane portrait (T+,N2) of
the equations system is shown in Fig. 2.
‘Simulations were performed for three
(A21) of the

radiative relaxation of the N: excited level,

different effective rates
but for the same initial conditions (point A
in Fig.2).

The following results are reported:

1. The relaxation character strongly
depends on the Az value. The oscillating
character is observed only for the A2: about
10° s, while for the other Az values the Te

evaluates without oscillations.

2. The oscillations mainly arise due to

1-83

ve,= 10° B~ 4x107% N = 2.5x10"

A, = 10410%10°

ok

v}l

N, (cm™?)

e b

a strong nonlinear dependence of the three-
particles recombination from the 7.. The
decline of the 7. causes the increase of the
excited level population. Consequently, it
may lead to free electrons heating by
inelastic collisions of II kind.

1. Oscillations occur only when certain
phase conditions between the higher excited
N: level and the resonmance N: level
populations (which play the main role in T.
balance) are fulfilled. Fig.2 demonstrates
that the minimal damping of the oscillations
occurs when the electron energy looses
coefficient and the Az value are
approximately equal.

[1] Poljanskij M.N., Skrebov V.N.,
Shuhtin, Opt. Spectrosc. v.34, n.1, (28)
1973.

[2] Sits'ko Yu.l., Yacovlenko S.I., J.
Tech. Phys, v.56, n.5 (1006), 1976.

{3] Biberman L.M., Vqrobiev V.S.,
Jakubov 1.T., Kinetics of Nonequilibrium
Low—temberature Plasma, Moscow:

Science, 1982.
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Isomerization of HCNT to CNH™ via ion molecule reactions

. A. Hansel, M. Glanschnig, Ch. Scheiring, W:Lindinger
Institut fiir lonenphysik, Technikerstr. 25, 6020 Innsbruck, Austria
E.E. Ferguson
NOOA, Boulder, Colorado, USA

While thermodynamic data on the HCN* / HCN
system are known with good accuracy AH (HCN)
=31.5 £ 1 kcal/mol [1], IP(HCN) = 13.60 + 0.01
eV [2], the values of the CNH™ / CNH isomers are
still in question. In the present selected ion flow
drift tube study the two isomeric ions HCN™ and
CNH' were distinguished by the use of monitor
. gases, SFs, CFy4, O, and Xe which react differently
with the two isomers [4] . The first part of the
present study involved two reactions for which it
was only necessary to assure that the mass 27

v=022eV,v,=0.09eV,v=038eV

HCN

13.60 eV

HCN

3

g
:_‘-——-»
o
<

w2

o]

o

0.85eV

ions were the lowest energy isomer, CNH (v
This was easily .accomplished by reactions wi:
CO or CO, which efficiently isomerize HCN™ .
CNH*(see below). From the energy dependence -
the endothermic reactions of CNH'(v=0) with -
and Xe we could establish the heat of formatic
AH (CNH') = 327 + 1 kcal/mol, the ionizatic
potential I(CNH) = 12.04 + 0.01 eV and the he.
of formation of the neutral AH (CNH) = 49 +
kcal/mol. The energy levels are summarized in $
1.

v=027eV,v,=0.08 eV, v;=042eV

— Xe
HNC
12.04 eV
R

Fig. 1 Energy level diagram of HCN™' and CNH™. The energy spacing of the three vibrational modes (v-
V,, v3) (values taken from Forney et al,. [3] and references therein) is given for both isomeric structures
together with the energy thresholds of the monitors CF,, Xe, and SF.
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The second part of the present investigation is a
continuation of a study of HCN'/CNH' jon
chemistry carried out earlier in Christchurch [4].
In that study, carried out only at thermal (~ 300 K)
energy, it was found that HCN™ s efficiently
isomerized to the more stable isomer CNH' by
reactions with both CO and COjp. It was
speculated that the reaction mechanism was a
"forth and back" proton transfer; first (step la)
exothermic proton transfer from the C atom of
HCN* to CO (or COy), followed by another
exothermic proton transfer back (step 1b) to the N

atom to produce CNH™ in the collision complex of -

thé reaction.

NCH* +CO, - (NC---H* - C0,) la
(cN---H* - CO,)— CNH" +CO, 1b
It was suggested that a test of the model could be
obtained by studying the kinetic energy

dependence of the reaction, the idea being that as
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the collision energy is increased the lifetime of the
collision complex will be decreased leading to a -
lower probability of the reverse proton transfer
and hence a decrease in HNC™ product and an
increase in HCO™ (or HC02+) product.

The present investigation  reports
measurements providing this test which support
the proposed model. A similar isomerization
mechanism is expected to occur for any molecule
M having a proton affinity such that both forward
and reverse proton transfers are exothermic, i.e.
PA (CN at C) < PA(M) <PA(CN at N) if HCN™

does not otherwise react with M.
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Experimental and theoretical investigations of negative ions spatial
distribution in oxygen DC discharge.
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Introduction

The electronegative gase plasma are widely used in
many applications in microtechnology.The complicated
processes in the plasma volume and on wall surface
make its understanding more difficult. The difficulties
in the study of mechanisms of various processes in the
low pressure electronegative plasma are due to
insufficient information about the spatial profiles of
charged particles (electrons, positive and negative ions)
and about the electron distribution function (EDF),
which can be spatially nonlocal at low pressure. In
strong electronegative gases ,e.g. CF, , the spatial
profiles of negative ions produced at electron
attachment, are determined by the ion diffusion . The
ion heating in high electric field increases the ion
diffusion and significantly changed the charge particle
profiles [1]. Oxygen is the weakly electronegative gas
.The unique characteristics of oxygen discharge is
connected with the electron production at associative
detachment in the reactions between negative ions and
active particles ( atomic oxygen and excited metastable
molecules of O,(a 1Ag) ). It has been shown in [2] that
the Ox(a 'Ay) molecules determine the RF discharge
structure. This report is devoted to an investigation of
the effect of ion diffusion and detachment processes on
the spatial distribution of negative ions.in positive
column of oxygen DC glow discharge.

Experiment
The expirements were carried out in a glass tube of 12
mm diameter at pressures of 0.15-1.5 Torr and at
discharge current densities of 5-30 mA/cm® . Both the
concentrations of the singlet and atomic oxygen , and
the radial and axial electric field were measured [3,4].
The negative ions were detected by a laser
photodetachment method. We used the emission of a
Cu-vapor pulse laser on the wavelength of 2=510.8 nm
with the repetion rate of 8 kHz and one pulse energy of
04 mJ. The photoelectrones were collected by a
moveable probe of 0.3 mm diameter and 1.2 mm
length. The laser emission was collected by collimator
in a 1.5 mm diameter parallel beam and then was
entered into discharge tube along the tube diameter
line. The trajectory of probe movement coincided with
“the axis of a laser beam.The laser beam was modulated
by the chopper at frequency of 240 Hz. The charge
collected by probe was detected using the charge-
sensitive amplifier and lock-in amplifier.

The probe potential was scanned with a 130
mV step by using the lock-in amplifier internal DAC

channel, the scan time step being always more a time
constant of

lock-in amplifier. The J-V (current-voltage) probe
characteristics of photodetached electrons depended on
probe position. All J-V characteristics for the different
spatial points were correlated with the appropriate plasma
potential . The plasma potential taken on respect to the one
of anode for each probe position was determined by the
maximum of the first derivative from the probe
characteristics. An integral on J-V probe characteristics
from Us(R) up to Us(R) + 5 V was used as a useful signal
where Us(R) is voltage corresponding to plasma potential
at the probe position R. The absolute calibration of the
system has been carried out using our experimental data on
EEDF and electron concentration [5] and measuring the
EEDF and photocurrent saturation characteristics under
the slight discharge modulation at the reference frequency.
It was assumed that EEDF of photodetached electrons
accesseing the probe is the same as of discharge electrons.
It should be noted that as our measurements have shown if
U,-Ug=const

condition (where U, is collecting probe potential, U; is
plasma potential) does not fulfills at ion spatial

N..cm?3

4E+10 —

2E+10 —

The radial distributions of negative ion concentration in
positive column of DC discharge in pure oxygen. The tube
walls position is shown by grey vertical columns. The
discharge current density is of S mA/em *.

O -P=0.15 Torr
er=mees [ - P=0.30 Torr

A -P=0.50 Torr

. ©-P=1.00 Torr

The experiment data and the caloulation results are represented
by symbols and lines respectively.

measurements by a probe method the discrepancy in
experimental data can reach tens of percents in
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dependence on a space point even when the collecting
probe potential is large. '

Results and Discission

The radial distributions of negative ions are shown in
Fig.1. The experimental results were analyzed on base
of self - consistent PIC MC model of DC glow
discharge {1]. The effect of the non-equilibrium ion
diffusion on radial profiles of negative ions has been
studied . The main detachment processes under our
experiment conditions are:

0" +0(CP)> 0, +e (1)
ki =1910" em’s" [2] -
0™ +0,(a'A,))> 05 +e V)

k=3 10" cm’s” [6]

The atomic oxygen and Oz(a'Ag) concentration were

8E+14 — N, cm™

4E+14 —

0,(a'a))

0.0 0.4 0.8 - 12

Fig.2

Concentratins of singlet oxygen and oxygen atoms versus the
pressure in O, DC discharge at current density of 5 mA/cm?2,

taken from experimental measurements (Fig.2). It is
supposed that O," are the main positive ions and O are
the main negative ions. The value of k, is varied in
scientific literature from 3 10" to 3 107° cm’s™. We
choosed 3 10" value for the best agreement between
the experimental and numerical values of the axial
electric field at low pressures. The calculated radial
distribution of O" ions under the same experimental
conditions are also shown in Fig.1 . It is well seen in
Fig.1 that the profiles of calculated and experimental
radial distributions agree sufficiently well. However the
calculated values of  negative ions exceed the
experimentally measured ones in ~1.5 times. It can be
explained by dependence of (1) and (2) reaction rate
constants on plasma parameters. At present time these
dependences are unknown. So according to mutual
arrangement of O, and O, potential curves the rate
constant of (1) process is assumed to be lowered with
decreasing the pressure (i.e. with increasing the
reduced field) owing to more high kinetic energy of O
ions. However as one can presume from the potential

surface arrangement of O; molecule and O’; anion [7,8]
the (2) process can have got a noticeable activation
energy up to ~0.5 eV so that the ion heating can
strongly influence on the reaction rate constant. At the
present moment it is undouptedly required the detailed
information both about the detachment processes
themselfs including the charge transfer reactions and
about the ion energy distribution function.

In order to understand how the nonequilibrium
ion diffusion effects on the radial distribution we have
carried out our calculations without taking into account the
ion heating. Fig.3 represents the results of these
calculations at pressure of 0.15 Torr, where an axial
electric field is highest and therefore ion heating is most
notable. As it is well seen the correct description of spatial
distributions of negative ions can be achieved only taking
into consideration the effects of ion nonequlibrium
diffusion.

This work was supported by grant No. 95-02-05461 of
Russian Fond of Fundumental Investigations (RFFI).

N;..em 3

6E+10 — ’ N

-0.6 o _ R,cm 0.6
Fig. 3
All is the same as in Fig. 1 only at pressure of 0.15 Torr.

The dushed line is radial distribution of negative ions
without the nonequilibrium diffusion.
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The influence of the low energy vibraitionally excitation on the electron

dissotiative attachment coefficient in pure ozone.

D.V.Lopaev, K.S.Klopovskiy, N.A.Popov, O.V.Proshina , A.T.Rakhimov, T.V. Rakhnnova
119899, Nuclear Physics Institute, Moscow State Umver51ty Moscow, Russxa

Electronegative species (i.e., molecules of
ozone, Os), which are produced in a gas discharge
plasma, can effect on the gas breakdown dynamics and
on the electrical characteristics of the discharge.
Interpretation of the experimental data concerning the
plasma with an ozone admixture is a rather
complicated task because of the absence. of the electron
drift characteristics in ozone.

The work presented contains a cross section
set of electron scattering on Os-molecules (Fig. 1), as
well as the results of calculation of the electron drift
velocity Vg (Fig.2a), the electron temperature T,
(Fig.2b), and the electron dissociative attachment
coefficient P/[O5] to Os (Fig.3). The cross section set is
normalized with respect to the experimental
dissociative attachment coefficient (1], which has been
measured in the reduced electric field range E/N = 1-20
Td. The sct allows one to calculate the EEDF for low
E/N values. Moreover, the vibration excitation by
electron impact (as well as dissociative attachment) rate
constants of Os-molecules in pure ozone are presented
(Fig. 4).

The electron transport cross section on O;-
molecules (curve (1) on Fig.1) and the ozone rotational
excitation by electron impact (curve (2)) in the range of
low electron energies u = 0.001-0.1 eV was determined
using the data’ [2-4]. The electron impact vibrational
excitation of Os;-molecules was experimentally studied
in [5], in which the electron loss 'spectra were
presented. The model integral cross section of this
process was determined analogously to the case of
known data concerning the vibrational cross sections of
H,O [6]. As the O; and H,O-molecules have similar
parameters (the symmetry type, the angle, etc.), we can
assume that these molecules should also have similar
mechanism of the resonance excitation. The value of
introduced by us vibrational cross section in maximum
was normalized by the differential cross section value
for ozone [5] at scattering angle 80°. Note that obtained
by us cross section of vibrational excitation of O; (curve
(3)) is a model one and actually is a total cross section
of excitation of all the vibrational modes of ozone. The
ionization cross section of O; (curve (5)~(7)) is taken
from {7]. The dissociative attachment to O;-molecules
was studied in [1,8,9]. The currents of negative ions (O
and O, as a function of the electron energy were
measured in [8] using the mass-spectrometry technique:

O;+te—) O +0, 0))

O; + e—) 0,+0 )]

From these results we can conclude that
reaction (1) dominates in dissociative attachment of
low-energy electrons to Os, as well as can determine

positions of the maxima of dissociative attachment
cross sections with generation of the ions O° and O,
However, the absolute values of these cross sections
have not been obtained in [8].

The results of [1] concerning the drift tube
measurements of the attachment coefficient $/{0O;] in
pure ozone in the range of the reduced electric fields
from 3 to 10 Td produce a good experimental
foundation, which allowed us to carry out the
normalization of the cross section set (Fig. 1) for low
values of E/N; as well as to calculate the drift velocity,
the electron temperature, and to determine the
dissociative attachment rate constant in pure ozone.

The near-threshold behaviour of attachment
crossection (4) was taken from.{l]. The value of

maximum of this crossection was estimated from -

experimental resalts [10].

In order to use the data [1], one should take
into account the role of reactions with participation of
negative ions in charged particle balance in the drift
tube. The reason for this is the fact that O
concentration is controlled by the processes with
participation of Os-molecules:

O+ 03 ——) 202 +e (3)
ks = 3*10"% cm®/s [91
0+0;, —0s+0 @
ks = 2%10"° cm®/s [9].

Assuming that the O concentration is quasi-
stationary for the electron drift times corresponding to
the experiment [1], we can obtain the relation between
the real value of the attachment coefficient B/[O;] and
the measured one (B/[Os))eq

(B/[03Dee = B/[Os]*ks/ (ks + kq) =T B/[O5]

In conditions of the experiment [1], we have I’
= (0.4, Thus we can conclude that in pure ozone the
processes of attachment play a significant role in
forming the relation between the measured and real
attachment coefficients. The EEDF calculations were
carried out using the Boatsman equation solution in the
two-term approximation.

We used the experimental data concerning
attachment coefficients in pure ozone [1] to normalize
the mentioned cross section set. Taking into account
that these data have been obtained for small reduced
electric fields, this normalization is correct only for low
electron energies. The normalization was carried out as
follows: the drift velocity Vg, the rate constant K, and
the attachment coefficient B/[Os;] = KJ/ Vg as a
function of E/N were calculated, and this was followed
by comparison with the experimental data.

Returning to Fig. 1 we can note that the first
sharp maximum (at energy about 0.3 eV) in the
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vibrational cross section (3) corresponds to unknown
before process of near-threshold resonance vibrational
excitation of the Os;-molecules. The necessity to take
into account such a resonance cross section follows
from the comparison of the experimental data with the
results of the numerical calculation of the attachment
coefficient in pure ozone. Note that the possibility of O,
vibrational excitation of such a type in this energy
range was mentioned by the authors of [1]. Fig. 3
shows the experimental values B/[O;] as a function of
E/N, as well as two variants of calculation of this
coefficient: with (solid line) and without (dashed line)
accounting for the near-threshold vibrational
resonance. By varying the half-width of this resonance
excitation in O, position of the maximum and its
amplitude, we have managed to obtain a good
accordance between the results of calculation and the
experimental attachment coefficient in pure ozone in
the range of E/N discussed. Fig.2a,b shows the
calculated values of the drift velocity and the electron
temperature T, = 3/2 <u> (u is the mean electron
energy). ‘It follows from the dependencies of these
parameters on E/N that taking into account the
resonance cross section leads to the decrease of the
electron temperature and to the increase of the electron
drift velocity in the range of E/N studied. This follows
from the fact that the existence of a new inelastic
process with a low energy threshold leads to a
significant decrease of the EEDF in the energy range
0.2-0.6 eV. As the transport cross section is constant in
the energy range studied, the decrease of the transport
frequency leads to the increase of the drift velocity.

Using the normalized cross section set, we
have calculated the rate constants of O; vibrational
excitation (curve 1 on Fig. 4)and of dissociative
attachment (curve 2 on Fig. 4) in pure ozone.

The physical reason of this resonance is not
quite clear yet; however, a similar behavior of the cross
section near the threshold is typical for polar and 3-
“atomic molecules with a high polarisability. Another
possibility to obtain such a resonance near the
excitation threshold of O; can be due to low-lying term
of the negative ion O5” [6].

The work is supported by the Russian Foundation of
Fundamental Research (grants 95-02-06326 and 96-02-
18747).
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Vibrational and Atomic Kinetics in the Afterglow
of Ny, and N,-Ar Microwave Discharges

P.A. S4* and J. Loureiro!
*Faculty of Engineering, University of Oporto, 4099 Porto Codex, Portugal
1Centro de Electrodinamica, Instituto Superior Técnico, 1096 Lisboa Codex, Portugal

1. Introduction

In a recent paper [1], we have investigated the con-
ditions for appearing of the so-called pink aferglow,
that is the emission of the first negative system
bands N;*(B 2x}—-X 22}), downstream from a
flowing microwave discharge in N3 and Ng-Ar. It
was shown that this emission occurs as a result of
the mechanisms leading to the formation of the
ground jonic state Nyt(X 2%}) by collisions be-
tween the electronic metastables No(A 35)+Ny(a’

137) and Na(a')+Na(a’), followed by a reaction -

for populating the upper ionic state Nt (B) involv-
ing collisions of N;(X) with vibrationally excited
molecules N3(X 157 ,v>12). In this analysis the re-
laxation of the vibrational distribution of N,(X,v)
molecules was shown to play a central role in the
emission of the 1~ system bands in the short-lived
afterglow region. Here, our purpose is to study the
coupling of N2(X,v) molecules with the other ac-
tive species present in the afterglow and in particu-
lar to investigate if there is additional dissociation
in the post-discharge due to a vibrational mecha-~
nism, since in certain conditions the No{X,v) dis-
tributions can present populated tails for times as
long as 10~2s.

2. Discharge model

A stationary kinetic model for a microwave dis-
charge in cylindrical geometry is developed by cou-
pling the homogeneous electron Boltzmann equa-
tion, under the effective field approximation, to a
system of rate balance equations for the vibrational
levels N5(X,v), the most important electronic states
of N2, and the ground state atoms N(*S). The con-
tinuity equations for the electrons and the main
positive jons (N,¥, N5, Art Ar;t) are still coupled
to the former system in order to determine self-
consistently the maintenance reduced electric field.
The Boltzmann equation takes into account both
inelastic and superelastic electron collisions, while
the rate balance equations for the neutral heavy
species include the vibration-vibration (V—V) en-
ergy exchange processes, the vibration-translation
(V-T) energy exchanges in No-N2, No-N and Nj-
Ar collisions, and a large number of other processes
taking into account the interplay of the species
N2(X,v), N2(A 3%},B °M,,C 3,,a' 1372 10,,w

1A,) and N(*8), in Ny-N2 and Na-Ar collisions.
This system of equations still includes the processes
of vibrational deactivation on the wall, dissociation
by the V-V and VT exchanges, wall atomic re-
association, and diffusion and radiative losses. The
total rate of ionization includes both ionization by
direct and stepwise electron impact, as well as re-
actions for associative ionization in N, involving
collisions between electronically excited molecules.
Fig.1 shows the mean power per length unit ab-
sorbed by the electrons calculated using this model,
in a microwave Nj-Ar discharge at w/27=2.45
GHz in a 16 mm inner diameter pyrex tube, as
a function of the fractional Ar concentration, for
n.=2x10"cm~3(A) and 5x10 cm~3(B), and p=2
Torr (full curves) and 10 Torr (broken). As the
fractional Ar concentration increases the power per
length unit for sustaining the discharge rapidly de-
creases because the total electron cross section for
excitation is considerably smaller in Ar than in N,.
We note that an increase in [Ar]/([N2]+[Ar]) pro-
duces a reduction of the maintenance electric field,
which, in turn, leads to a decrease in dP 3, /dz.

60 . — . —— . T
—~ 50 -
N i
5 40 e
5 -
30 -1
3 J
~
‘§ 20 -
8 © .
0 " 1 " 1 A 1 1 v
[+] 0.2 0.4 Q.8 . 0.8 1.0
[Ar])/([N,]+[Ar])

Fig.1 - Power per length unit for n.=2x10''cm™3(A),
5%10" cm™*(B), and p=2 Torr (full), 10 Torr (broken).

3. Post-discharge relaxation

The concentrations for the different species in the
discharge are used at the time t=0 in the post-
discharge, where the relaxation of the above system
of equations is investigated. As it was shown (see,
e.g., Ref[2]) the high-energy tail of the electron
energy distribution function rapidly decreases in a
time of 10~8—10~7 g, 8o that the electron collisions

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




107! T T T T 1

1072

[N]/[N;1

1073

—4
1074

10

10° 10°

107t
t(s)

107 107F

Fig.2 - [N(*S)}/[Nz] for p=2 Torr (full), 16 Torr (bro-
ken), in pure N2 (A), N2-50%Ar (B), N2-90%Ar (C).

may be discarded from the model. Fig.2 shows

the temporal evolution of the relative concentra-

tion of N(4S) atoms calculated for n,=2x 10 cm~3,
p=2 Torr (full curves) and 10 Torr (broken), in a
post-discharge in pure N3 (curves A), and in the
case of the mixtures Nz-50%Ar (B) and No-90%Ar
(C). The relative atomic concentration in the dis-
charge remains with practically no modifications
in the post-discharge up to t=~10"%s. After this
time, two different situations take place depending
* on pressure. For the lower value p=2 Torr, the rela-
tive concentration [N(*S)]/[N2] remains unchanged
until ~10-1~1 g, time at what this concentration
starts to decay as a result of reassociation on the
wall. However, if we consider the higher pressure
=10 Torr, it is observed an increase of [N(*S)]/[N2]
in the range ~5x10~%~5 s. This increase is more
visible in the cases of the discharges in pure Ny and
in No-50%Ar.

This corresponds, in fact, to additional disso-

. clation in the post-discharge due to a vibrational
mechanism, in which a Ny(X,v) molecule in the last
bound level v=45 is promoted to the continuum by
the V-V and V—T exchanges. The different be-
haviours found here are explained by the appear-
ance of overpopulated tails in the vibrational distri-
butions of N(X,v) molecules during the relaxation
process for the higher value of pressure. Fig.3 and 4
show these distributions for p=2 Torr and 10 Torr,
respectively, in the case of a N;-50%Ar mixture,
and for the times t=0 (A), 10~%s (B), 10~3s (C)
and 10~1s (D). In contrast, the less populated tails
for p=2 Torr result from a stronger vibrational de-
activation by the V—T processes associated with
Na-N collisions. We note that the lower value of
pressure corresponds to a higher maintenance re-
duced electric field and, hence, to a higher rela-
tive atomic concentration in the beginning of the
post-discharge (see fig.2). We still note that fig.4
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Fig.3 - [N2(X,v)]/[N.] distributions for p=2 Torr, at
t=0 (A), 10~%s (B), 10~3s (C), 1075 (D), in N2-50%Ar.
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Fig.4 - As in Fig.3 but for p=10 Torr.

shows an inversion of population during the relax-
ation as a result of pumping effects produced by
the V-V exchanges. This is a consequence of the
near-resonant V—V collisions are far more effective
in the transfer of vibrational quanta than the non-
resonant V—V and V—T collisions, which produces
a pumping phenomena between the different levels
of the anharmonic oscillator. Thus, the vibrational
energy must be transferred up the vibrational lad-
der by near-resonant V—V exchanges rather than
be immediately lost by V—T collisions. However, in
the case of the lower value of pressure p=2 Torr, the

' percentage of N(*S) atoms in the discharge is high

([N(#S)}/[N2])=6.68% in pure N3), so that a rapid
deactivation by V—T(N5-N) exchanges occurs.

[1] - P.A. Sa and J. Loureiro 1996 Proc. 13th ES-
CAMPIG (Poprad), p.67; [2] - C. Gorse and M.
Capitelli 1987 J. Appl. Phys. 62 4072.

This work has been carried out under the support of
a PRAXIS XXI Research Grant (Portuguese Min-
istry of Science and Technology).
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COMPARATIVE STUDIES ON Xe(1s4) LASER LIGHT
ABSORPTION AND ASSOCIATED OPTOGALVANIC
SIGNAL IN A DC DISCHARGE IN Ne-Xe MIXTURES.

Y.Sakai, M.A.Bratescu*, G.Musa*, K.Myamoto,
Hokkaido University, Dept.Electrical Eng. Sapporo, Japan
*Inst.Laser,Plasma and Radiation Physics,Bucharest,Romania

L.Introduction

In this paper we present a study on
xenon-neon mixture de discharge plasma, using
diode laser absorption for the xenon transition
from 1s4 - 2p5 at the wavelength of 828.239
om.

Comparative analysis of the plasma
modulation absorption signal and optogal vanic
signal permitted us to introduce a new
parameter, namely, optogalvanic efficency
-ET OG- defined as the size of the optogalvanic
signal corresponding to an atom optically
pumped by laser. The experimentally observed
dependency of Effog on the varicus
parameters gives the possibility to obtain new
useful data on the processes taking place at the
atornic scale in neon-xenon discharges.

2.Experimental set-up.

Two experimental arrangements were
used: a) dc plasma modulation detection system
and b) optogalvanic spectroscopy mounting.
In both cases we used the diode laser LTO 15
MDO from Sharp, with the wavelength range
815-845 nm and maximum optical power
output of 30 mW. This diode was powered
and its temperature was stabilized with a

Melles Griot Laser Driver 06DL.D203 and a -

Peltier element. The diode laser wavelength
scanning over 75 GHz range with a 64 mHz
frequency was performed by a triangular signal
generator and marked with the interference
fringes obtained from a confocal Fabry-Perot
etalon (1.5 GHz free spectral range). The xenon
absorption signal and the interference fringes
were simultaneous recorded via an
oscilloscope, and GPIB interface by a
computer. The electrical discharge was ignited

and maintained between two stainless steel

electrodes with 50 mm in diameter, mounted
inside a large metallic vacuum vessel, provided
with two glass windows in line with the
interelectrodic space. The laser beam (cross
section diameter being around 0.5mm) can be
moved to various position between the cathode
and anode, but remaining always parallel with
the surfaces of the electrodes.A photodetector is
provided at the exit window to measure the
laser beam intensity. _

In the dc plasma modulation detection
system, the discharge is supplied by a high

voltage generator. The discharge current is
modulated with a controlied frequency in the
range 400 Hz-1500 Hz, the working frequency
is 465 Hz. The plasma is periodically changed
on and off, and consequently the absorption
signal corresponding to the excited states will
modulate with the same frequency with the
plasma modulation frequency. Using phase
sensitive detection of the absorption signal, the
lock-in amplifier reference frequency will be
just the plasma modulation frequency.

The optogalvanic signal obtained at
resonant laser light absorption at 828.239 nm
corresponding to xenon transition 1s4 to 2p5,
was detected as plasma impedance change and
measured using wavelength modulation
spectroscopy. The modulation frequency of the
diode laser was 1.3 kHz, the measurements
were done using the first harmonic signal

3.Experimental results and
discussion.

Using the described experimental
arrangements, we measured the absorption,
through a de discharge, of the laser light of
828.239 nm corresponding to xenon transition
1s4-2p5 and also the induced optogalvanic
effect at the passage of the laser beam through
the discharge. The experimental parameters
were: total gas pressure; 5 torr and 10 torr,
xenon concentrations in neon-xenon mixture ;
5%, 10%, 20%, 100%, discharge current;
1mA, 3mA and SmA. The laser beam along a
diameter cord and parallel with the surfaces of
the electrodes explored in the interelectrode of
5.5 mm. Using the obtained data, we
represented the spatial distribution of the
density of the excited xenon atoms Xe(1s4) and
also the corresponding optogalvanic signals at
various positions in the discharge space.
Figs.1 and 2 respectively give, as examples,
the spatial distribution curves for laser
absorption signal Ipp and OG signal I0G. In
spite of the fact that both signals are obtained
at the same laser light absorption
(corresponding to the same xenon transition
1s4-2p5), the differences between the curves
are significant due to the different nature of
these two signals. Indeed, the signal IpM is
directly proportional with the density of the
excited xenon atoms on level 1lsq4
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Consequently, the curves given in fig.1
represent just the density distribution of the
excited xenon atoms in the discharge space.
OG signal represents the change of the plasma
conductivity due to the ions generated from
the excited xenon (2ps) state resulted from
Xe(134) by laser light absorption.
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Starting from these data, we defined a
new paramecter -optogalvanic effect
efficiency- (EffOG). as the ratio between
optogalvanic signal and the number of xenon
atoms pumped to 2p5 state by . laser
absorption and responsible for generated OG
signal. In present case we will have

Efog=1oG/TPM (1)

We must observe that the number of xenon
atoms pumped optically to 2psg state is
proportional with the density of excited 1s4
xenon atoms, to which is proportional the
absorption signal Ipyg. The EffoG represents
the size of the optogalvanic signal per absarbed
photon for given experimental conditions, i.e.,
OG signal cfficiency. Using the experimental
data like those given in figs.1 and 2, we can
study the dependence of the parameter Eff oG
on experimental conditions.

Interesting tendency is obtained
(fig.3) if the dependence of Effog on the
content of xenon is evaluated. For all values
of the experimental parameters ( total gas
pressures, discharge currents and laser beam
positions), a clear optimum for EfQG is
obtained for the same concentration of xenon
20%, as we can see in fig.3. Also, representing
the values of EffoG corresponding to various
points in the discharge space, we can clearly
separate into two different cases for which the
xenon concentrations are 5% and 100% and
those for 10% and 20%. It is found that for
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mixtures with close content of xenon and
neon, the EffOG is much higher than that in
the case of mixtures close to pure neon and
xenon. Consequently, we can assume that a
major contribution to generate ions from
Xe(2ps) must be a process in which both
neon and Xenon atoms are taking part
simultaneously. A preliminary analysis of the
energy level structure for xenon and neon
leaded us to an assumption that the responsibie
process is a second kind collision between
metastable neon Ne(met) and excited xenon
Xe(2ps5) by areaction

Xe(2psH+Ne(met) = Xet (met) + Ne + €

with an energy defect of +0.17eV. The life-
time of Xe*(met) is of the order of 1 s [1]. As
a result of this reaction, short living Xe(2p5)
(35ns) [2] are chanmged in long living
Xet(met).

Eﬂ'(gG.s) ] S torr, ImA O~
0 2 - 5 torr, 3mA-e—
- 10torr, 1A%
0.1 i 10torr, 3mA—/v
o 10 torr, SmA-—o
0.0 4
1 10 100 1000 Xe [%)]

Fig.3.0G efficiency-xenon content

As an alternative explanation might be the
change of electrons energy distribution (EDF)
into favorable one to generate Xe*(met),
with high rate origipating from the laser
pumped xenon 2p5 when xenon concentration
in Xe-Ne mixture is 10-20%. However, due to
much higher values of the energy levels for
neon than those for xenon, with increasing the
concentrations of neon,the electron temperature
may increase, which makes EDF less favorable
to sustain this hypothesis.

4.Conclusions

Laser absorption spectroscopy of dc
discharges in Ne-Xe mixtures using both
plasma modulation and optogalvanic signal
measurements, suggested the existence of
second kind collision processes generating long
living xenon metastable ions.

This work was supported in part by a
Grant-in-Aid of Scientific Research Japanese
Ministry of Education,Science and Culture.
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INFLUENCE OF THE H,; ON THE NEON NEGATIVE GLOW SPECTRA
IN Ne+1%Xe+H, MIXTURE

G.Musa, A Baltog, C.P.Lungu
National Institute for Laser, Plasma and Radiation Physics
~ P.O.Box MG-06 Magurele-Bucharest, Romania

1. Introduction

Studies of the narrow gap dielectric barrier discharges,

generated in the Penning mixtures Ne+1%Xe or

Ne+1%Ar, have shown that at the H, addition, in some
experimental  conditions  (ie. the  hydrogen
concentration and the total pressure of the gas mixture),
the Nel spectrum is practically reduced to nearly one
line. This is the neon yellow line with wavelength of
585.3 nm, corresponding to the optical transition 2p;-
Is, [1].

We have denominated this behavior as M-effect
(“monochromatisation” effect) and in order to
characterize it, we have introduced the M parameter,

- defined as: M=I(A;)/I(A,) where A;=585.3 nm and

A;=614.3 nm.

In the case of the d.c. luminescent discharges in the
above mentioned triple gas mixtures this effect has
been observed too, but exclusively in the negative glow
region, the neon yellow line intensity being practically
negligible in other regions of the discharge ¢olumn.

The aim of this paper is to add new results on the H,
contribution to the physical - processes at atomic and
molecular level which produce this effect.

2. Experimental and results

For this study we have used a d.c. discharge device with
a controlled temperature cathode. The emitted radiation
from the negative glow of the d.c. luminescent
discharge was directed through an optical fiber on the
entrance slit of a monochromator, provided at its exit
slit with a photomultiplier. Between the experimental
device and the optical fiber, a mouvable slit permits to
select from the negative glow that radiating region
which presents the highest value of the neon yellow
line intensity (A=585.3 nm).

For each set of parameters (i.e. the total gas pressure,
the H, or Ar concentration added to the Penning
mixture Ne+1%Xe, the cathode temperature, the
discharge current), the neon emission spectra (between
550 nm and 750 nm) from the negative glow have been
recorded. For each recorded spectrum  we have

calculated the value of the M parameter, which varies
with the change of the working parameters.

This variation reveals the peculiarity of the 2p;-1s,
transition and it is more important for the dielectric
barrier discharge, in which M-effect is optimum at
pressures of the order 200 torr, than in the d.c.
luminescent discharge, because in this last case the
maximum pressure has been of 90 torr.

All measurements have been done keeping the same
value for the discharge current, namely 40 mA, finding
that the limits for which the modification of the
current changes not the M parameter value were
between 35 mA-45 mA. :

In Fig.1 it is given the dependence of the M parameter

on the H, concentration (expressed in percentages from
the total gas pressure), for different values of the
pressure of the (Ne+1%Xe)+H, mixture. According to
this dependence, the optimum concentration of H; to
obtain an important value of the M parameter strongly
depends on the total pressure of the gas mixture. The
results presented in Fig.1 have been obtained.

(Ne+1%Xe)+H,

+
s

18 4

T,= 80°C

614.3 nm

585.3 nm / IA =

I}\

T T
80 100

% H,
Fg.l M parameter dependence of .
H, concentration

Pyt —w—15 ——x-— 30 ,—a— 45,

—v— 60 ,—0-~ 75 —+— 90 torr

maintaining the cathode temperature at the constant
value of 80 °C.
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In the other experiment we have proved the influence
of the cathode temperature on the neon spectra [2]. In

this work we have followed the M parameter
modification versus the cathode temperature, for
hydrogen or argon added to Ne+1%Xe. An exemple for
(Ne+1%Xe):H,=1:1 and (Ne+1%Xe):Ar=1:1 mixtures
at various total gas pressures is given in Fig.2., where

can be seen that the M-effect is degraded by the -

increasing of the cathode temperature, but depending
of the total gas pressure too. On the same figure it can
be observed the different influence of the H; or Ar
addition on the M parameter value, -as well as the fact
that the M-effect is negligible in the Ne+1%Xe
Penning mixture alone. . . o
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Fig.2 M parameter versus cathode temperature
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3. Discussions

“In the case of the results presented in Fig.1, it can be

observed that to have the M-effect is necessary an
optimum concentration both of the neon atoms and of
the hydrogen molecules. At low concentrations of H, or

Ne (0-10%H, and 90-100%H;) the M-effect is

practically negligible, suggesting an important
participation of the hydrogen to the evidenced effect.

We can see that if the hydrogen is missing, the M
parameter is not influenced of the cathode
temperature. It results that the hydrogen is a necessary

partner together with the neon excited species
generating the observed phenomena.

In the order to explain nearly one line spectra, we
assume that in such a case we must have
simultancously two processes: the depleting of the
lower level and the feeding of the upper level of the

" neon optical transition 2p;-1s,. The first process is
" ensured by the Penning type collision of the excited

neon atoms with the molecular hydrogen, having the
reaction rate constant k=2.5x107° cm’s™ [3].

The second process is not clearly established. If we
assume that both the argon and the hydrogen are taking
part - into the M-effect only through the Penning
depletion of the neon lower level 1s,, this can not
explain their so different influence on the M parameter,
while their Penning reaction rate constants are
practically equal [3]. In these circumstances we should
assume that the hydrogen is taking part into a
supplementary process of feeding of the neon upper
level 2p; and this process is influenced by the cathode
temperature and the gas pressurre (Fig.2).

Consequently, we may assume that the hydrogen
addition increases the population of the upper level 2p;.
Such a process is possible due to the decrease of the
electron temperature at the hydrogen addition [4]. In
these conditions, the dissociative recombination of the
neon molecular ions increases, due to the strong
dependence of the reaction rate constant of this process
on the electron temperature. The M parameter
dependence on the cathode temperature and the total
gas pressure sustains the importance of the process of
dissociative recombination in the formation of the
evidenced effect.

4. Conclusions

The results reported in this paper contribute to the
understanding of the “monochromatisation” effect of

" the neon emission spectrum in neon-xenon-hydrogen

mixture, from the negative glow of the d.c. luminescent
discharge. These bring new arguments in favour of
the existence of a selective feeding process of the upper
level of the 2p,; - 1s, transition of the neon to which the
hydrogen is taking part.
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Measurement of Effective Diffusion Coefficient of Electrons
in Low-Density Argon Afterglows '

Tomio Okada+, Minoru Sugawara$ and Makoto Goto+
+ Department of Elcctronic Technology, Gunma Polytechnic College, 918 Yamana, Takasaki 370-12, Japan.
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1. Introduction

The first theoretical rescarch of the transition from free
to ambipolar diffusion has been carried out by Allis and
Rose[1]. Analyses under the condition of T.=7T, (T,:
electron temperature, 7,: ion temperaturc) have been

performed by using afterglows. Gusimov and Gerber(2]
have theoretically derived temporal behavior of electron
density using the ratio of diffusion coefficients of
electrons to ions in the late hydrogen afterglows, from
which they determined the effective diffusion coefficient.
Their values of the coefficient were smaller than those
obtained by Allis and Rose. Freiberg and Weaver[3]
experimentally analyzed the transition in helium
afterglows, and obtained that agreement with theoretical
predictions by many authors was good when He;* ion
was dominant ion species. '

The aim of this research is to measure the effective
diffusion coefficient of electrons and to verify the
electron density dependence of the coefficient when

- atomic ion is dominant ion species. We examine argon
plasma with large ratio of diffusion coéfficients of
electrons to the ions.. In order to carry out the
experiment” under the condition of T,=T,, we use
afterglow technique with a calibrated microwave
resonant cavity.

2. Experiment and Results

2.1 Experimental conditions

We used a Pyrex-glass discharge tube with 31 mm inner
diameter with a thermionic cathode and an anode. The
distance between the two clectrode was 560 mm. The

tube current was supplied in dc pulsed operation of time .

interval of 80 ms, duration of 0.1 ms and peak current
of 1.0 A. The discharge tube was baked out at 150 °C
for one week before the experiments were carried out.
The final vacuum attained was 2.66 x 10-5 Pa. Argon
gas of purity 99.999% was used. Operating pressures
were 46.6 and 66.5 Pa, at which diffusion cooling[4]
does not occur and Ar+ ion is dominant ion species.

2.2 Measurement of electron number density
and results '

We have measured clectron number density using a
calibrated microwave resonant cavity (TMgg-mode)[5].
Substituting the measured value of Qg =587 and fy =
2.7253 GHz (fy: resonant frequency of the empty cavity)
into energy-response time ¢, = Qy/(27fp), we obtain 1, =
34 x 10-8 s
frequency of electrons, w (=2xf): angular {requency of

microwave field) is satisfied, we neglect the effect of

collision terms. The relationship of electron density
<n> averaged over the volume of the cavity to the

Since (v /w )2 € 1 (v, collision

frequency shift Afis therefore expressed as[5] -

<ne>=8.862x 1072 fAf (1)
where Af=f—fo. ‘ .
In order to minimize the disturbance due to the

probing microwave, we adjusted the probing power so
as to satisfy[6] ~
Po < 194 10-3028YTs. 2)
QA
where Py is microwave power, A : molecular weight of
gas particles, and V : cavity volume. Substituting the
experimental conditions of wg = 1.71236 x 1010
rad s'1, V=228x 104 m3, T, =300 K, Q. = 587, and
A =40 into eq. (2) , we obtain Py < 28.4 x 10-6 W,
We then applied the microwave power of 5 uW.
Following the technique proposed by Freiberg and

* - Weaver[4], we appended a synchronous detection circuit

to.a conventional apparatus for measuring Af. With
this improved apparatus we could measure very low Af

to 2.56 kHz, which is lower by about three orders of .
magnitude than Af measured with the conventional
technique. Substituting measured frequency difference
into cq. (1), we obtained <n,>. Measured values of

- <n,> against time are shown in Fig. 1.

3. Analysis ‘and Discussion

3.1 Relationship between <n,> and axial

electron density
In theories the cffective diffusion coefficient Dy is

calculated against axial electron density 7,(0). In the
experiments, however, <n,> is measured. In order to

compare Dgdetermined from the experiment with that
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obtained by theories, we must estimate n,(0) from

<n.>. Then, we calculated spatial distribution g, of
electrons in argon afterglow. Substituting g, into cq.

(3), we obtained a rclationship between <n.> and 7,.(0).

J g,E,%,dv
<ne>=n, (0) = =" (0) (3)
L. 147
LErdy

where E,, is microwave clectric ficld in the empty

- discharge tube.

3.2 Electron density dependence of D
In present experimental conditions the rate equation of
n. is expressed by the following equation.
ane 101 = Ds V1, — kyngtn. 4)

here k;: the rate coefficient of conversion of atomic ions
into molecular ions and n,: gas density. Combining egs.
(3) and (4), we obtain D, /D, (D,: electron diffusion
coefficient),

Ds_ ( ng_9<ne kln,?) AL (5)

D. > gt Deng
here A: characteristic diffusion length. Debye length
Apoon the axis is obtained combined with eq. (3).

Apo= o f-—fekele (6)
1.47<ne> e?

where gy: the permittivity of free space, k p: Boltzmann

constant and e : electron charge.

Substituting <n,>, D, = 88.5 m?2 s-1[7] and k; = 2.26
x 10-43 m6 s-1[8] into eq. (5) we calculated the values
of Dy ID,. The values of Apg was obtained from
eq. (6), where we set 7,=300 K . The relationship of
Ds 1D, against A/Apgis shown in Fig. 2.

We introduced eq. (7) (dashed curve in Fig. 2) which
fitted to the values calculated on the computer for 7.=T,

by Allis and Rose (V).

D\ _ 1 D,
log (—-—)— WE log (-_“_) (7)
Dl 14126 (A_Z&) De

where D,: ambipolar diffusion coefficient. We applied

eq. (7) to present case, which is shown with a solid
curve in Fig. 2. Good agreement between eq. (7) and
present results is obtained over the range of 4 < A/Apg

< 500.
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EXCITATION OF 3p AND IONIC LEVELS IN ARGON
TOWNSEND DISCHARGES

G.N.Malovi¢, J.V.BoZin’, B.M.Jelenkovié and Z.Lj. Petrovi¢

Institute of Physics, University of Belgrade, P.O.Box 57, 11001 Belgrade, Yugoslavia
“Faculty of Physics, University of Belgrade, P.O.Box 550, 11001 Belgrade, Yugoslavia

1. INTRODUCTION

In this paper we present the excitation
coefficients for 3ps 3ps, 3ps levels of argon atom (in
Paschen notation), and excitation coefficients for five
ionized argon levels. Argon atoms play an important
role in the kinetics of gas discharges and plasma
processing [1], [2]. We apply a drift tube technique for
measurement of the absolute emission intensities in low
current self sustained Townsend type discharges. The
" excitation coefficients were obtained from the optical
signal at the anode after correction for the detector
quantum efficiency. The data were obtained for the
electric field to argon number density ratio (E/N) from
30 Td to 6 kTd for atomic, and 400 Td to 11 kTd for
jonic lines (1Td = 10 Vm?)

2. EXPERIMENTAL SET-UP AND
PROCEDURE

The experimental set-up has been, described in
an earlier publication [3]. The drift tube consists of a
pair of parallel plane electrodes, with a diameter of 79
mm at a distance of 17.2 mm, placed inside a close
fitting quartz tube. The cathode was made of stainless
steel, while the anode was made of graphite in order to
minimize the effect of backscattered electrons from the
“anode.

The pressure was measured by a capacitance
manometer. Vacuum chamber (stainless steel) is
evacuated by a turbomolecular pump typically to 3 107
Torr. The quality of the vacuum system is sufficient to
allow measurements of excitation coefficients over
periods of up to 20 minutes without any effect of
impurities. Research grade argon was used for the
measurements.

The discharge current was measured by an
electrometer, which was recalibrated before the
experiment by using a standard current source. The
current was kept below 2 pA, in order not to perturb
the homogeneous electric field between the electrodes.
Oscilloscope was continuously attached to the system to
check for possible oscillations which occur even in the

Townsend regime. Pressure, current and voltage are
continuously monitored and digitized by an AD
interference card.

The light emitted from the discharge was
detected using a collimator, a photomultiplier, and a
photon counting chain. For the measurements of the
light intensity the monochromator was positioned at the
wavelength of the maximum of the line. The entire
detection system was placed on the platform and moved
by a stepper motor, which was controlled by a
computer. The spatially dependent light emission was
recorded with a spatial resolution of 1 mm.

The absolute calibration of the quantum
efficiency of our detection system in the spectral region
330 - 830 nm was obtained by using a standard
tungsten lamp, which was calibrated against the
radiation from the blackbody radiation standard.

In Townsend discharges where electron
excitation dominates over other processes of level
population and where electrons are in equilibrium with
electric field and gas collisions, the electron excitation
coefficients of level m is related to the emission signal
S, via

£ S e A

Im _ La m 1
N j, OAANY%, 4 M

mn

where j, is the current density at the anode, e is electron
charge, Q is effective solid angle of the detector, Q(L)
is the quantum efficiency of the detector, A, is the
transition probability for the level m, and A, is the total
transition probability for the upper level, and Ax is the
width of the entrance slit of the monochromator. The
electron excitation coefficient given in Eq. (1) represent
the average number of electron excitation collisions per
unit distance as electron moves towards the anode. If
the rate for the collisional quenching of an excited state
is not negligible in comparison with the rate for the
spontaneous emission, the correction to the measured
S. can be done by multiplying the right- hand side of
Eq. (1) by (1 + N/N,). Here N, is the quenching density
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for the state m (equal to An/kg, where k, is the rate
coefficient for collisional quenching).

3. RESULTS AND DISCUSSION

The data for absolute emission intensity were
analyzed by the procedure outlined above to give the
excitation coefficients. The results of the excitation
coefficients for 3p levels are shown in Fig. 1.
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Fig. 1. Excitation coefficients for 3p level:
3ps - square, 3p; - circle, 3pg - triangle

The excitation coefficients were obtained using
Eq.(1) and measured emission intensity of the anode S,
and corrected for quenching. The data for quenching
are available in the [4]. The curves for different 3p
levels have generally similar E/N dependence, with the
maxima between 1 - 2 KTd.

In Fig. 2 the excitation coefficients of five
ionized argon levels are shown. The transition
probabilities of different transitions were taken from
tables by Vujinovic and Wiese [5]. Position of the
maximum of the excitation coefficients for ionic levels
of argon is shifted toward the region of lower pressures
(0.1 - 0.2 Torr) i.e higher values E/N (3 - 4 KTd) if we
compare with position of atomic argon. At lower
pressures probability for excitation of ionic levels of
argon increases with respect to atomic levels which
causes shifting of these maxima curve,

I-99

To our knowledge these are the first absolute
experimental results of excitation coefficients for
ionized argon levels. The excitation coefficients for 3ps,
3pe, 3ps levels results of measurements are not available
in the literature, so it was not possible to compare with
another results. Data presented here are used very much
in the plasma diagnostics [6], [7] so absolute values
presented here may be of use in developing models and
comparing them with experiments.

[m?]
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1

EXCITATION COEFFICIENTS

2D . 2p0
2D . 2R
2p . 2p0
4p _ 4p0
2p . 2D0
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P

10-18
E/N[Vm2]
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Fig. 2 Excitation coefficients for ionized argon levels:
solid square - °D -*P° (413.7 nm); cross - 2D -2F°
(460.96 nm); open square - 2P -*P° ; triangle - 2P -‘P°
(480.6 nm); circle - *P -*D° (487.99 nm)
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Numerical study of low pressure argon discharges with ring-like
cathode geometry

Ph. Belenguer and L.C Pitchford
Centre de Physique des Plasmas et Applications -ESA 5002-
118, Route de Narbonne, 31062 Toulouse Cedex, France

1. Introduction

In this paper we present results from model
- calculations of the potential, density and ionisation

rate distributions for a low pressure glow discharge

in a ring-like cathode geometry.

This work is a preliminary step in the study of the

electron beam that has been experimentally observed

in similar discharge configurations. [1] ,

2. Model and discharge conditions

The calculations have been performed using a 2
dimensional * hybrid, fluid-Monte Carlo model
described in [2]. Briefly, the ion and 'bulk’ electron
density distributions are described by fluid equations
in the drift-diffusion approximation. From these
densities we calculate the space charge and hence the
potential distribution from Poisson's equation. The
ionization due to the cathode emitted electrons is
determined from a Monte Carlo simulation.

The cell geometry is presented figure 1. The
discharge cell consists of a cylindrical hollow cathode
and a cylindrical anode. The electrodes are separated
by a dielectric ring.

Cathode Dielectric Anode
A c
gl €2
o — ——— ————
Cylindrical geometry
| €1
4cm 0.5cm 0.5cm
- 5cm -

Fig.1. Cell geometry (not to scale).

The discharge conditions considered here are the
following:

Gas: argon, pressure: 0.5 torr, applied voltage: 10
kV. The secondary electron emission coefficient has
been set to 0.07. The total steady state discharge

current was calculated to be 4 A. The secondary
emission has only been included for the cathode
surface labelled C1 on figure 1. This was done as a
first approach to simulate a ring-like cathode.

3. Results

The results presented in this section have been
obtained at steady state for the discharge conditions
described above.

Figure 2 shows the spatial distribution of the
potential. The plasma formation leads to the
penetration of the anodic potential into the cathodic
cavity. The cathode surface is surrounded by a
potential sheath that accelerates the ions towards it.
These ions striking the cathode surface cause
emission of secondary electrons (only from the
surface C1) which are responsible for the gas
ionization.

E
N2
=]
2
Z
(=%
=]
s
5]
o
0 1 2 3 4 5
Axial position (cm)
Fig.2. Equipotential contours. Each contour

corresponds to 1/10 of the maximum potential
(10005 V). The plasma potential is higher than the
applied potential. Superimposed on these potential
contours is the trajectory of one electron emitted
from the cathode surface C1 at a point 0.3 cm from
C2.

In this potential distribution, the electrons emitted
from the surface Cl tend to be trapped in the
discharge volume. This trapping increases the
ionization ability of these electrons.
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This trapping is also illustrated in figure 2 which
displays the trajectory of an electron emitted from the
surface C1 at an axial position 0.3 cm away from
C2.

The ionization source term distribution is shown in
figure 3. The maximum ionization occurs in the
center of the discharge cell. We assume that this
ionization is representative of the light emission, we
can see that this emission will be maximum in the
center.

0.50

Radial position (cm)

Axial position (cm)

Fig.3. Contours of constant ionization source term.
Each curve corresponds to 1/20 of the maximum of

the ionization ( 5. 1019 ¢cm-3 s'l)

Figure 4 shows the velocity field distribution of the
electron flux from the fluid equations, the electron
flux on the axial direction versus the electron flux on
the radial direction. The length of the arrows at each
point is proportional to the amplitude of the flux.
We can see on this figure that flux of the bulk
electrons is directed toward the anode in the center of
the cell discharge.

10. T ML A'. . T T l. T
osf LR
06 — == e T

e ——
Y e

S

- ——. - _ —_— s\_ h
02F =T I - - =
0.0( ; : , s

0.0 0.2 0.4 0.6 T 0.8 1.0

Fig.4 : Velocity ﬁéld distribution of the electron flux
from the fluid equations

Radial position (cm)
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Thus the bulk electrons form a 'beam’ in the center
of the discharge.

The spatial distribution of the bulk electron density
is presented figure 5. As expected from the results
presented above, the density shows a maximum in
the center of the discharge.

0.50 - - . e
0.25
0.00
-0.25 !
-0.50 ; : : L
5

0 1 2 3 4
" Axial position (cm)

Fig.5 Contours of the electron plasma density. Each
curve corresponds to 1/20 of the maximum of the

density (6. 1013 cm'3)

Experimentally, a high energy component has been
observed in the electron beam generated in this
discharge configuration [1]. This beam of fast
electrons is a transient phenomena and thus not
included here in these steady state results.
Calculations of the transient evolution of the
discharge are now underway.

4. Conclusion

The steady state properties of low -pressure glow
discharges in ring-like cathode geometries are studied
here. For a range of conditions the bulk electrons
form a beam in the center of the discharge.

This work is being extended to a study of the
transient behavior of the discharge in order to identify
the presence of a fast electron beam during the
plasma formation and to make quantitative
comparisons with the experiments of ref. [1].
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Influence of CH; Addition on Active Nitrogen
Produced in a Low-Pressure DC Discharge

C.D. Pintassilgo, J. Loureiro and G. Cernogorat
Centro de Electrodinamica, Instituto Superior Técnico, 1096 Lisboa Codex, Portugal
tLab. de Phys. des Gaz et des Plasmas, Université de Paris-Sud, 91405 Orsay Cedex, France

1. Introduction

The methane decomposition in No-CH,4 discharges
has been the subject of different studies in these
last years [1,2] due to its interest in different fields
as metal nitriding, detection of small carbon impu-
rities in N, or for the purpose of gaining a better
knowledge of the atmospheric chemistry of Titan.
Therefore, in order to improve such applications
there is a need for a deeper understanding of the

influence of a small methane addition (~5%) on the
different species produced in the discharge such as
N(*S), N3(A 3%}), No(X 'x},v), which constitute
the active nitrogen.

2. Kinetic model

Here, we present preliminary results from a self-
consistent kinetic model for a low pressure glow-
“discharge in N-CH4, which solves the electron
Boltzmann equation coupled to a system of steady-
state rate balance equations for the vibrational lev-
els No(X 1T} ,v), the electronically excited states of
N2(A 22},B 3I0,,C 3M,,2' 127 ,a HI,,w 1Ay), the
N(%S) atoms, the most populated neutral species
produced either from dissociation of CHy (CHj,
CH,, H,, H) or in reactions with Ny (HCN H,CN,
CN, NH), the most 1mporta.nt ionic species (N,
N}, CH}, CHgt, CH,Y), as well as some other
" species mcluded in the model for mathematical con-
venience (C;Hy, C;Hs, CoHg) in order to ensure
that the complete system of master equations has
a non-zero steady-state solution. Further, the re-
duced electric field required for the maintenance
of the plasma is self-consistently determined from
this model. The Boltzmann equation is solved us-
ing a consistent set of electron-molecule cross sec-
tions for CH4 derived in this work by comparing
our predicted results with swarm data, whereas the
electron cross sections of N are taken from [3]. A
complete list of the heavy-particle processes con-
sidered, along with the pertinent rate coefficients
selected from the hterature, will be made available
at the conference.

3. Results and Discussion

Figs.1 to 4 show the relative concentrations of
N(*S) atoms and of the triplet states of N3(A 3%,

10" — T T T

S L P i . 1 1
R 1 2 3 4 5

[CH,I/N(%)

Fig.1 - Relative concentration [N(*S)]/N vs. [CH,]/N,
for p=1.5 Torr and 1=10, 30, 50 mA.

B 31I,, C 3I0,) predicted here, as a function of the
fractional concentration of CH, in the mixture, in
a DC N,-CH, glow-discharge of tube radius R=1
cm, for p=1.5 Torr, and I=10 mA, 30 mA and 50
mA. Fig.1 shows that the concentration [N(4S)]/N
(where N denotes the total gas density) rapidly in-
creases as a small percentage of CH,4 is added to Ny
(0.5%) as a result of the increase of the mainte-
nance electric field, which in turn is a consequence
of the reduction of the contribution from associative
ionization involving collisions between electroni-
cally excited states Np(A 3L})+Ny(a' 'Z7) and
Nz(a)4+N2(a'), since the Na(a') state is strongly
quenched by CH4 [4]. We note that as the asso-
ciative ionization ceases-to exist the electric field
must increase in order to sustain the discharge.

On the other hand, the decrease of [N(*S)]/N for

larger concentrations of CH, is associated with de-
population mechanisms through the following reac-

-tions: N(*S)+CHs — H,CN+H; N(4S)+H;CN —

HCN+NH; N(*S)+NH — Ny+H. This behaviour
is in qualitative agreement with measurements in
the flowing afterglow of a microwave N,-CH, dis-
charge [5]. Fig.2 shows that the relative concentra-
tion of N2(A 3X}) exhibits a reverse dependence
on [CH4)/N as compared to that shown in fig.1 for
the N(*S) atoms, which is mainly associated with
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Fig.2 - As in fig.1 but for [N2(A 3Z1)]/N.

the-enhancement (for [CH4]/N-<0.3%) and with the '

diminution (20.3%) of the quenching of N3(A) by
. N(%S) atoms. The rapid decrease of the concen-

tration of Ny(B 3II;) molecules shown in fig.3, as

very small percentages of CHy are added to Na,
has the same origine as in fig.2, since both states
are strongly correlated in the overall kinetics. Fur-
ther, the increase of [Ny(B)] for larger percentages
of CH4 occurs in a smaller extent than that ob-
served for [N2(A)], due to an enhancement of the
quenching of Ny(B). We note that the rate coeffi-
cient for quenching of N2(B) by CH4 is about one
order of magnitude larger than that for quenching
by N [6], while the rate coefficients for quenching
of N2(A) by N; and CH4 are close. Finally, fig.4

. shows an increase of the relative concentration of
N3(C 2II,) as very small percentages of methane
are added to N3, which is a consequence of the in-
crease of the maintenance electric field. Prelimi-
nary spectroscopic measurements on the 1+ and 2+
system bands of N, are in agreement with these pre-
dicted behaviours for the concentrations of Ny(B)
and N5(C) states.

[1] - A. Ricard et al 1995 Planet. Space Sci. 43
41; [2] - 3.-C. Legrand et al 1995 Proc. 12th ISPC
"(Minneapolis) vol.2, p.601; [3] - L.C. Pitchford and
A.V. Phelps 1982 Bull. Am. Phys. Soc. 27 109;
[4] - L.G. Piper 1987 J. Chem. Phys. 87 1625; [5]
- J.-C. Legrand et al 1994 Proc. 12th ESCAMPIG
- (Noordwijkerhout), p.324; [6] - L.G. Piper 1992 J.
Chem. Phys. 97 270. -

This work has been carried out under the support of
a PRAXIS XXI Research Grant (Portuguese Min-
istry of Science and Technology). '
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Fig.3 - As in fig.1 but for [N2(B °II;)]/N.
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Fig.4 - As in fig.1 but for [N,(C *II,)]/N.
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Experimental and numerical study of trapping and broadening
of the Kr(’P;—'S,) resonance line in Kr-Ar mixtures

J. P. Gardou, N. Sewraj, F. Marchal, P. Millet, Y. Salamero

CPAT Université Paul Sabatier

1. Introduction

The present work deals with the experimental and
numerical study of radiation ftrapping of the
Kr(P,—'S;) resonance line in Kr-Ar mixtures.
Theoretical studies have been done in the case of
merely cylindrical and plane geometric vessels
containing a pure gas [1], [2], [3}.

Nonetheless, our experimental study concerns a brief
laser excitation (5 ns) of the resonant state produced in
a finite nearly cylindrical vessel at the focal point of a
40 mm focal length lens.

The simulation is done with a Monte-Carlo method.

2. Apparent lifetime determination by the
Monte-Carlo method

The apparent 11'adiative lifetime of an excited state is
given by 1, = e where 1, is the natural lifetime of

the resonant state, and g the escape factor whose
inverse represents the mean absorption-reemission
processes undergone by a photon before reaching the
detector.

The analysing cell containing the e¢xcited gas is rather
complex. Indeed, this cell is a-cylindrical one equipped
with two observation windows, the laser entrance and
exit and the gaz entry. In a first approximation it can
be assimilated to a finite cylindrical volume whose
wall’s reflection coefficient for VUV photons is
negligible.

| laser beam

focalising fens

)] N
i

Fig 1 : The simplified analysing cell

The resonant states, initially created by short pulses of
a 50 Hz pulsed tunable dye laser, are localized in the
laser’s confocal volume (Fig. 1). These excited atoms
spontancously lose their energy through emission of
resonant photons whose treatment is based on the
drawing of 4 random numbers X;, X5, X3 and X, [4],
where 0 <X;<1. : :

analysing cell (stainless steel )

118, route de Narbonne F-31062 Toulouse Cedex 4 France

The frequency of an emitted photon is determined by
the pressure broadening assuming complete frequency
redistribution :

Av, 1
V=V +—-2———tan{ R[Xl ——2-)}

v, and Av, are the line’s central frequency and full-

width at half maximum respectively.

Photons of negligible flight time are assumed to be in
rectilinear motion between the emitting atom M, and
the absorbing one M, Each photon trajectory is
defined, in polar coordinates, by its emission angles 0,
¢s and the distance D covered during one
emission/absorption  process. These geometrical
parameters are given by :

cos0 =2X, -1
®q = 27X,
D= ~-mfp . I(X,)
myp is the mean free path of a photon at frequency v.

We follow each photon individually from its emission
at the laser’s focalising point to its exit. The absorbing
position M, is obtained from the emitting one M,, 6,
@q and D. If the calculated absorbing position lies
inside the cell then it is considered as the new emitting
position of the following absorption/emission process.
This procedure is repeated until the photon leaves the
cell. Only those reaching the photomultiplier tube are
considered for the escape factor determination.

The escape factor and hence the apparent lifetime are
deduced from the overall photons and laser flashes.
Taking into account the frequency of each detected
photon we can obtain the simulated emission line
profile. The numerical method has been elaborated for
the study of the imprisonment of resonance lines in
rare gases mixtures.

3. Radiation trapping theory in mixtures

In the Kr-Ar mixtures, the line broadening is
accounted by the Kr-Kr and Kr-Ar collisions,
respectively described by the resomance broadening
and the heteronuclear collision broadening of the
Kr(’P,—'S) transition. These line broadenings are
introduced by their respective coefficients &k, and Ea;
which allow the determination of the absorption
coefficient and thus the apparent lifetime.

Ex. is given by [5] :
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where g and g; are the statistical weights of the lower
and upper states respectively, f is the oscillator
strength of the transition.

As far as &, is concerned we don’t have any
theoretical expression. Its determination is done
experimentally.

Indeed, the variation of the apparent lifetime T, with
the argon’s concentration C is given by [6] :

T, =A i 1-C 6}
VA-Okx + Céu
where C= Par . The constant A depends only
P, +Py,

on the cell’s geometry and the atomic characteristics
of the transition. Its exact theoretical determination is
not casy. The measured apparent lifetime 7, of the
resonant state can be deduced from the recorded

temporal. evolution of the luminescence decay. This

determination has been realised by means of an
experimental setup allowing selective excitation of the
Kr(’P,) state by 3-photons absorption from the ground
state ('So) [7]. &a: is deduced from the measured value
of 1..

4. Experimental results

2 .
(—}—) varies linearly (Fig. 2) with L, in
T 1-C
accordance to theoretical prediction (1). &a is
evaluated from this curve since &, is theoretically
determined.

Ear =1,9 107 m’s™

a

(with &; =9.8 107 m’s™)

180840121 Py =4 torr
1,40E+012-
12084012

1,00E+012

8,00E+011+ /
»
6.00E+011
4

(1/1,)% (%)

/
4,00E+011 /
20064011 —//
0,00E+000 7 y r r T
20 40 60 80 100

C/(1C)
Fig 2 Measured values of 1, versus C/(1-C)

§. Numerical results

The apparent lifetime is obtained by using the natural
lifetime of the Kr(°P,) state 7., the theoretical value of
Ex. and the measured value of &, (Table 1). The
difference between experimental and simulated values
of 7, can be explained by the simplified geometry

I-105

compared to the real one. Besides, the wall’s reflection
coefficient is not exactly zero.

Simulated values | Measured Values
P.(torr)| 1 2 4
' (Mean values)
0 478 1479 {5.00 4.01
0.9 268 [2.69 |2.64 2.00
0.98 1.32 1132 [1.30 1.08
0.99 0.91 {1091 }0.93 0.82

Table 1 ; Calculated and measured apparent lifetimes
of the Kr'P, state (ps)

The emission profile of the Kr(’P;—'S,) line has been
simulated by our numerical method (Fig. 3). Its shape
characterizes a high absorption of the resonance line.
This is a very interesting result as well since our
experimental setup does not allow its measurement.

T Ty T T T T T

S 0,008
=
i
o
Q
g_ 0,003
c
0
o
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g 0002
o

0,001

0,000 n NI e | aataoa o1, Pl SNWITW IS

-400 -300 -200 ~100 0 100 200 300 400

(vvy) / Av,

Fig 3 : Simulated emission profile for C =0.99

Actually we are improving this method. It should be
used in our kinetic studies so as to determine apparent
lifetimes corresponding to experimental situations
where their measurements are rather difficult.
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Determination of the radiative lifetime of the 'P; resonance state
in Krypton by means of three photon excitation.

T. Van Bever and E. Desoppere
Department of Applied Physics, University of Ghent, Rozier 44, B-9000 Gent, Belglum

1. Introduction

Accurate knowledge of the natural lifetime =,
(inversely proportional to the optical oscillator
strength) and the resonance interaction constant K is
needed for applications in plasma physics and
astrophysics. The determination of these values has
been the subject of several experimental and theoretical
studies performed with various methods (for an
overview see [1]).

Multiphoton excitation processes offer a more selective
excitation mechanism compared to a gas discharge and
don’t have the practical problems connected to
excitation with intense VUV-light. These factors make
it a favourable method to populate excited states in the
vacuum ultraviolet spectral region [2]. We use this
technique for studying the imprisonment of the (S,-'P)
116.49 nm resonance radiation in Kr. We present
measurements of the lifetime of the Kr 'P, resonance
level by making use of three photon excitation. The
measurements are compared with theory and Monte
Carlo simulations. Fitting the theoretical curve to the
experiment yields the resonance interaction constant.

2. Experiment

The measurements are performed in the 0.01-10 Torr
pressure range. The 'P, level of Kr is populated by
means of a three photon excitation process. Therefore
we use a pulsed dye laser, transversely pumped by a
Nd-Yag laser. The dye laser is operated with pyridine 1
in the wavelength range around 698 nm: the 698 nm
radiation is frequency doubled and focused into the
centre of a cylindrical cell with a radius of 1.28 cm.
The decay of the resonance radiation is measured with
a resolution of 40 ns during 40ps after the laser pulse.
The number of detected photons as a function of time
after the laser pulse is registered with a multichannel
analyser.

The measurements below 0.3 Torr can be fitted at late
times by a single exponential decay term plus a
constant. For higher pressures the second term gains
importance and should be replaced by another
exponential decay term to reproduce the measured
curve. This indicates the occurrence of ionization
processes caused by the laser interaction: the three
photon excitation of the Kr 'P; resonance level is

1

followed by a single photon transition from the
resonance level to the continuum. These ions decay into
the 'P, level through radiative or dissociative
recombination processes characterized by a slow decay
rate. The decay of these excited atoms to the ground
state is mainly dcterminated by the slower
recombination process and not by the lifetime of the 'P,
level. _

As a consequence of successive emission and re-
absorption processes before a photon leaves the cell, the
resonance level acquires an apparent lifetime longer
than the natural lifetime. The decay frequency B,
computed from the first (largest) exponential,
corresponds to the apparent lifetime and is plotted as a
function of pressure. '

3. Comparison with theory

The theory of Post {3] for radiation transport, takes into
account the correlation between absorbed and emitted
photon frequency (partial frequency redistribution) and
describes the late time decay (fundamental mode) with:

_TL*ZI (x)+ B,L,(x)

)(1 -n(rx)

with x = reduced frequency, 7 the escape function and
7 the product of the absorption coefficient and the
cylinder radius. P, is the probability of a decorrclating
elastic collision and a(x) is a fast varying function
between 0 and 1 providing partial frequency
redistribution in the line wings and complete
redistribution in the centre of the line profile. We use a
Voigt profile L\(x) combining natural line broadening,
Doppler and pressure broadening. The FWHM for
pressure broadening (in the case of resonance
broadening) depends on the interaction constant K [4].
A value of K = 2.09 is supported by several authors
and gives:

) nzx)ds,

a

A3

FWHM = 0904208« "L
1273 81 74

Decay rates are calculated in an infinite cylindrical

geometry using an approxlmatlon [5] for the escape

function.
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Varying the natural lifetime in the calculations, we
search for the best agreement with measurements. The
best fit with the experiment (Figure 1), not taking into
account the second minimum, yields a value of
17,=3.6 0.1 ns which is in agreement with other
experimental results [6].

38 T rT——Trrrrry
\\ - ~- Post formula (K=2.09; t~3.6 ms)
0 \ ... Post formula (K~2.72; t=3.6ns) 7}
\\ . « measurement (Tt with 2 exp)
28 | \
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o \
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\
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pressure (Torr)

Figure 1: Decay rate as a function of pressuré:

comparison between analytical formula of Post and

experiment :

Using this t©, we vary the resonance interaction
constant K towards the impact approximation limit [4]
(K = 2.72). Figure 1 shows this approximation is valid
for pressures up to 0.2 Torr. For higher pressures the
impact approximation nor the quasistatic limit (K =
1.81) can explain the second dip around 3 Torr. We
conclude that in the 0.2 - 10 Torr pressure range the
apparent lifetime can no longer be determinated based
on the above line profile. A generalized line profile for
pressure broadening, regardless of the duration of
collisions, has to be applied [7].

4, Monte Carlo simulations

The Monte Carlo code written in our laboratory [8] has
proven to be a useful tool in describing the
imprisonment of resonance radiation.

We search for the best agreement with the experiment
(Figure 2). A natural lifetime of 3.6xt0.1ns is
confirmed.

5. Conclusions

o The natural lifetime t, obtained in the present
experiment differs from results where a constant
is assumed in the 0.2 - 10 Torr pressure range {9].

¢ Due to the good accuracy of the present experiment,
the occurrence of a second minimum is established.

o Limiting the analysis to the first minimum, the
experiment gives a natural lifetime in agreement
with earlier theoretical work [10]: 1, = 3.6 ns.

e We find a resonance interaction constant K = 2.09

in good agreement with the experimental result of
Hutcherson et al [11] and within the theoretical
limits{4].

35 vy Ty T T
’ ... Monte Carlo (K=2.09;, ¢=3.6 ns)
30 s » measurement (fit with 2 exp) i
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x
‘D 20}
z
a
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pressure (Torr)

Figure 2 Decay rate as a function of pressure:
comparison  between Monte Carlo simulation and
experiment.

6. References

[1] J.C. Molino Garcia, W. Bétticher, and M. Kock,
J.Q.S.R.T. 55 (2) (1996) 169

[2] FHM. Faisal, R. Wallenstein, and H. Zacharias,
Phys. Rev. Letters 39 (18) (1977) 1138

[3] H.A. Post, Phys. Rev. A 33 (3).(1986) 2003

[4] RP. Srivastava and HR. Zaidi, Can. J. Phys. 53
(1975) 84

[5] J. Heunnekens and T. Colbert, J.Q.S.R.T. 41 (1989)
439

[6] U.Hahn and N. Schwentner, Chem. Phys. 48 (1980)
53; J. Geiger, Z. Phys. A 282 (1977) 129 and Phys.Lett.
33A (1970) 351; W.F. Ferrell, M.G. Payne and W.R.
Garrett, Phys.Rev.A 35 (1987) 5020; J.M.Vaughan,
Phys.Rev. 166 (1968) 13; E.L.Lewis, Proc. Phys. Soc.
London 92 (1967) 817

[71 N. Schoon, Experimental and theoretical
investigation of the imprisonment of the Kr 'S, - °P;
123.58 nm resonance line, created by means of
multiphoton excitation, Ph.D.-thesis, Gent University
(1996)

[8] F. Vermeersch, V. Fiermans, J. Ongena, H. A. Post,
and W. Wieme, J. Phys. B: At. Mol. Opt. Phys. 21
(1988) 1933 ,

[9] P.G. Wilkinson, J.Q.S.R.T. § (1965) 503

[10] P.F. Gruzdev and A.V. Loginov, Opt. Spectrosc.
38 (1975) 611 and Opt. Spectrosc 22 (1967) 170; M.
Aymar and M. Coulombe, At. and Nuc. Data Tables
21 (1978) 537; M.Aymar, S.Feneuille and M. Klapisch,
Nucl. Instrum. Methods 90 (1970) 137

[11] J.W. Hutcherson and P.M. Griffin, J.O.S.A. 63
(1973) 338 .

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




Topic 6

High frequency discharges.

XXII ICPIG ( Toulouse, France ) {7 - 22 July 1997




I-108

The asymmetrical capacitive HF low pressure discharge near-electrode plasma
electron energy spectrum.

A F.Alexandrov, V.P.Savinov, LF.Singaevsky.
Physics Dept., Lomonosov University, Vorobiovy Hills, Moscow 119899, Russia.

The goal of the work is to study experimentally near-
electrode plasma electron energy spectrum (EES) in
capacitive HF discharge with gap between electrodes
d=6 cm, diameters active electrode 0.5 cm and earthed
electrode 5.8 cm, HF voltage amplitude V_ < 2.5 kV.
The near earthed electrode region plasma created
mainly by active electrode electron beam has been
investigated. According to theoretical [1] and
experimental [2] data, the aforesaid beam energy
attains the value eeb ~ 2eV. . The measurements
performed with the aid of electrostatic and magnetic
charged particle energy analyzers located beyond the
earthed electrode. The energy analyzer output signals
were recorded in quasistationary regime and
oscillographically. The spectral line intensity emission
space distribution I (x) in the discharge is shown at
Fig.1. General view of investigated plasma EES and its
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Fig.1. The spectral lines He 1 4715A, He 11 4686A
intensity space distribution in CHFD.
He, p=0.2 Torr, £=2.1 MHz, V=500V.

separate intervals are presented at Fig.2. The relation
of chaotic and directed EES components obtained with
the aid of the energy analyzers one can see at Fig.3.
The electron flows at electrode oscillograms provided
different energy analyzer collector retarding potentials
Vi are shown at Fig.4. Since maximum emission

intensity observed near the earthed electrode not near
the active one, then the main gas excitation near
electrode cause appears not HF field but, evidently, the
near-electrode electron beams (NEB). NEB being
influence actively on gas in the opposite electrode
neighbourhood. The evaluation showed that NEB free
path length in gas was Aeb ~ 10-15 cm, hence Aeb > d.
However the distance from electrode to intensity
emission maximum was ~ Scm < d. The supposition
was voiced that NEB relax rapidly as a result of
excitation by them Langmuir oscillations in plasma. At
experimental conditions the oscillation growth
increment y~ (nev/ne)*weo ~ 108, where nes and ne -
beam and plasma electron densities, weo - electron
plasma frequency. The characteristic build - up of
Langmuir oscillation length Lo, ~ ug/y ~ 10%/2%10% = 5
cm (up - beam velocity), which corresponds
experimental data. Thus, Langmuir oscillations
excitation and NEB quick dying are possible. In such
situation the beam electron peak in EES, observed in
time-avereged measurements (Fig.2), must be absent.
The peak presence may be explained by the near-
electrode plasma physical processes time course. It was
established that the pulse 1 at oscillogramm Fig.4
caused by chaotic plasma electron input, but pulse 2 -by
the directed beam electrons. The aforesaid beam exists
in negative HF field half-period during which the space
charge near-elecrode sheath . (SCNS) at earthed
electrode undergo collapse. At the beginning the pulse
1 increases what shows the chaotic “hot” electrone flow

" increase, but then - decreases and beam electron pulse

2 appears. During the pulses 1 and 2 coming,

‘simultaneously the processes are going: 1) Langmuir

oscillations bilding-up by electron beam and 2) the
SCNS width and near-electrode potential barrier for
electrons are decreasing. The last processes facilitate
leaving of electrons to the electrode and values ne and y
decreasing. As a result, Langmuir oscillations fade and
the beam manifest itself as the pulse 2. Thus, the NEB
arrives at the electrode only during the second half of
the negative HF field half-period, when EES with
“plateau” in the high-energy region turns into the
energy distribution with the beam peak at its end.

The work was supported by the grant N 94-02-05194 of
RFFI. References.
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Fig.2. General view of CHFD near-electrode
plasma EES and its separate energy intervals.

Alr, p=0.1 Torr, f=1.2 MHz, V=850V.
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Fig.3. Near-electrode plasma CHFD EES
. chaotic and directed components.
Air, p=0.1 Torr, £=2.3 MHz,V=800V.
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Fig.4. Oscillograms of the charge particles
flows to electrode CHFD.

Air, p=0.07 Torr, f=1.2 MHz, V=1750V
1) Vk=-27V, 2)Vk=-300V, 3)Vk=-400V
4) Vk=:620 V.

[1] YuP.Raizer, M.N.Schneider: Fizika plazmi, 18
(1992)1211(in Russian). :
[2] AF.Alexandrov, V.LKovalevsky, V.P.Savinov,
LF.Singaevsky. Thes.rep.VIII confer. on phys.gas
disch.Riazan. 1996, p.2, 48 (in Russian).
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INVESTIGATION ON THE AFTERGLOW OF PULSED
MICROWAVE DISCHARGES IN Ar, N2 AND AIR

Sudeep Bhattacharjee and Hiroshi Amemiya

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

1. Introduction

Microwave discharges in the atmosphere are now
thought to have great environmental
implications. Recently there have been a number
of interesting proposals for eg. the removal of
CFC's from the atmosphere [1], for ozone layer
remediation [2]. There are models which predict
that if the discharge is carried out at the ozone
layer, the products of the plasma-chemical
reactions could include the oxides of nitrogen
(NOx), which would destroy the already existing
ozone. Therefore it is considered advantageous
to create the artificial ionization layer (AIL)
slightly above the ozone layer, most suitably in
the D layer at heights between 60 to 80 km, so
that the generated ozone would sink down due
to its mass. Furthermore, the D layer is known to
be rich in negative ions, which may be beneficial
both for the protection and generation of ozone,
as there are some reactions involving negative
ions which generate ozone [3]. In this work we
study the processes in the afterglow of such
pulsed plasmas at pressures corresponding to the
height of the upper atmosphere above the ozone
layer. We study the temporal afterglow and use
pulsed microwaves as a continuation of a
previous work [4]. The afterglow plasmas are
very important because of the reactions between
radicals and negative ions which needs to be well
understood for overall ozone production and
protection. We begin our studies with a simple
monoatomic gas Argon, then going on to the
molecular gas nitrogen and finally studying air
discharge.

2. Experimental setup

Figure 1 shows a schematic of the experimental
apparatus. It consists of a large space chamber
inside which a multicusp type plasma bucket MC
of 20 cm ¢ was placed for plasma confinement.
Ar, N2 or air was introduced into the chamber
and the experiment was performed at 0.2-1
Torr. Pulsed microwaves (MW) of 0.4 pus pulse
width, 60 kW peak power from a 3 GHz
magnetron oscillator PM with a pulse repetition
frequency of 546 Hz were introduced into the
chamber through the attenuator ATT, matching
element M, mode converter T for changing the
rectangular TE1(Q mode into the cylindrical
TE11 mode and finally through the quartz
window W into the space chamber. Power

monitors Pf and Pr indicated the feed and
reflected powers, C is a cylindrical waveguide to
guide the waves into MC. Measurements of the
plasma decay with time were made with
Langmuir probes P1, P2 placed at the center and
outside of the bucket. The transient probe
current data at a particular probe voltage (Vp)
were taken by a digital oscilloscope and Vp was
varied in the range -40-30 V.

ilnlal
PM M

CNT

Fig.1 Schematic of the experimental apparatus

3. Results in Argon discharge

In figure 2 we show the plasma decay profile for
p=0.24 Torr and at Vp=-40 V. The plasma.
decay could be fitted wi

I(t)=Ioexp(-B)/{ 1+(noo/B)(1-exp(-f)}

as shown by a solid curve, where a:
recombination coefficient, ng (=101%cm-3) is the
initial plasma density, p=Da/A2, A being the
characteristic length and D, the ambipolar
diffusion coefficient. We obtained 0L=(1-2)x10’6
cm3/s and B=(0.4-0.5)x100 s-1, at p=0.2-1 Torr.
While o had almost the same values at all
pressures, § became slightly lower at p>0.9
Torr. Moreover at lower pressures the decay
could not be described by a single P, as during
the final stage of the discharge the decay was
very rapid (cf. Fig. 2). Figure 3 shows probe
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characteristics at 0.24 Torr, for three different
time periods after the end of the MW pulse.
Variation of the electron temperatures Te, with
time as obtained from the electron current part
of the probe characteristics are also shown in fig.
2. The observed temperature decrease with time
could be due to the loss of electron energy due
to electron-neutral collisions.

3. Results in Nitrogen discharge

Figure 4 shows the characteristics of the
afterglow plasma in N2 at -16 V probe voltage
and for p=0.24 Torr and 0.92 Torr. The N»p
afterglow has marked differences from the Ar
afterglow. In this case the diffusion loss at the
later stage of the discharge is alleviated, this is
probably by the effect of metastable atoms (eg.

No(A3s5}), N* etc) which accounts for the
cumulative ionization after 5 us. This effect of
metastable atoms leading to additonal ionization
is more profound at lower pressures and can be
explained by the measured result of a higher Te
at lower p.

t (us)

Fig.2 Decay of the ion current in Argon and
variation of Te with time

15

——t=3 5

=l Ar 0.4 Torr
19630 20 0 0 10 20

Fig.3 Probe Characteristics in Argon

3. Results in Air discharge

Figure 5 shows the case of air discharge, a
double hump appears at t = 2 s besides the
hump at the later stage of the discharge as

observed in N». The first decay may be due to
the electron-ion recombination while the second
may be due to positive-negative ion
recombination. The double hump appeared
more conspicuously at p>0.6 Torr. It was very
difficult to get a discharge above 0.6 Torr. This
is a further support to the fact that the negative
ions are profusely generated at higher pressures.

RS Nitrogen
N o 0.24 Torr
0.8_— o:A & 092 Torr
[ o
0.6 oa
o [ °o.;
i 7y
0.4_" °%
02l "

i
t (1)
Fig.4 Decay of the ion current in Nitrogen
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0.8 —a—0.58 Torr
Y S e
L] -
=
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0.2: v
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q ) *12 16

s
Fig.5 Decay of the ion current in Air

3. Conclusions

In pulsed microwave afterglow, the decay
profiles of atomic rare gas, molecular gas, and a
mixture gas containing an electronegative gas
have been experimentally studied. The effects of
recombination, diffusion, metastables and
negative ions have been observed.
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Influence of the assumptions on the EEDF in fluid models of RF discharges
A. Merad and J.P. Boeuf

Centre de Physique des Plasmas et Applications de Toulouse
Université Paul Sabatier, 118 route de Narbonne
31062 Toulouse Cedex, FRANCE

1. Introduction

Fluid models of non equilibrium discharge plasmas
are based on solutions of the electron and ion moment
equations coupled with Poisson’s equation. Using
moment equations instead of Boltzmann equation to
describe charged particle transport implies some
assumptions on the charged particle velocity distribution
functions. These assumptions have consequences on the
form of the transport terms of the moment equations
(e.g. pressure tensor or thermal flux) but also on the
collision terms (ionization rate, energy loss rate,
momentum transfer frequency). In this paper we focus
on the consequences of two usual assumptions which
can be made on the electron energy distribution function
(EEDF) in fluid models of RF discharges and we present
systematic comparisons between the two.

The models we consider are based on three
moment equations for electron transport and two
moment equations for ion transport, as in [1]. In this
approach, the collision terms are estimated by assuming
that the EEDF at a given position and time depends only
on the local mean electron energy. We consider two
possible shapes of the EEDF: 1) a «<swarm distribution»,
ie. an BEEDF whose dependence on mean electron
energy is the same as at steady state, under a uniform
electric field («swarm experiment»), as in [1], and, 2) a
Maxwellian EEDF. .

It is expected that the «<swarm» EEDF will be more
adequate at higher pressure (above a few 100 mtorr, in a
RF discharge in the o regime) while the Maxwellian
shape should be more appropriate at lower pressure. It is
clear that the real EEDF are generally different from
either a swarm or a Maxwellian distribution in these non
equilibrium plasmas but 1) assumptions on the EEDF
must be made in a fluid model, and 2), the aim of this
paper is to estimate the consequences of these
assumptions on the final results.

II - Description of the fluid model

The 1D fluid model we use is similar to the one
described (for a 2D geometry) in [1]. The momentum
transport equation is written in the drift-diffusion form,
i.e. inertia is neglected and the drift energy is supposed
to be small with respect to the thermal energy. These
assumptions are better for electrons than for ions in a 13
MHz RF discharge in the 100 mtorr range, and we shall
discuss elsewhere the consequences of these
assumptions in the ion momentum transport equation.
The numerical model is fully implicit and; the equations
are discretized using an exponential scheme.

The momentum, energy loss, and ionization
frequencies for the swarm case are obtained from a
Monte Carlo simulation under uniform field conditions
and are tabulated as a function of mean electron energy.
In the Maxwellian case, these frequencies are tabulated
as a function of mean electron energy using the known
electron-molecule cross-sections.

111 - Discharge conditions

Calculations have been made for the two
assumptions in a 13.56 MHz RF argon discharge for
pressure between 50 and 500 mtorr with RF voltages
ranging from 30 to 200 V and for a 2.5 cm gap length.
Results from the swarm and Maxwellian models have
been compared together and also with the results of
Meyyappan et al [2] performed in the same conditions.

We also performed calculations at 12.0 MHz, for a
gap length of 4 cm, in the 150-500 mtorr pressure range,
and for applied RF voltages from 200 to 800V. These
results were compared to those of Nitschke et al, [3]
(for 250 mtorr only) in Ref. [4].

IV - Results

In order to illustrate the discrepancies or
similarities between the results for a swarm or a
Maxwellian EEDF, the calculated parameters (electron
density, ionization rate, power and current) are plotted
only in a relative form: the ratio between the swarm
calculation and the Maxwellian calculation is plotted for
each parameter.
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Figure 1: Ratio of Swarm to Maxwellian values for
electron density and ionization rate vs. RF voltage
amplitude and for different pressures in a 13.56 MHz,
2.5 cm gap length RF discharge '

Figure 1 shows the variations with applied RF
voltage and for different values of the pressure of the
ratio of the swarm to Maxwellian calculated values of
the time averaged electron density and ionization rate in
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argon. We see that the discrepancy between the swarm
and Maxwellian results tends to be smaller at lower
pressure. At 50 mtorr, the plasma density deduced from
the swarm model is about twice smaller than the one
obtained with the Maxwellian EEDF, while the ratio can
be as large as 6 at 500 mtorr.

Figure 2 shows the results obtained in helium. These
results exhibits similar trends that in argon although the
agreement between the swarm and Maxwellian results
seems a little bit better in helium.
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Figure 2 : Ratio of Swarm to Maxwellian values for
electron density and ionization rate vs. RF voltage
amplitude and for different pressures in a 13.56 MHz,
4 cm gap length RF discharge in helium.

Figure 3 shows a comparison between the calculated
peak current and power in the same conditions as in Fig.
1. The calculated current and power in the swarm and
Maxwellian cases are in better agreement than the
calculated plasma densities displayed in Fig, 1.
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Figure 3 : Ratio of the swarm to Maxwellian calculated
current and power in the conditions of Fig. 1.

The results for the current and power in helium are
plotted in Fig. 4. The Swarm and Maxwellian values of
the current and power are very close together in that
case. A

Other results not presented here show that for both
argon and helium, the electron mean energy adjusts to
lower values in the case of Maxwellian EVDF, with
smaller differences between swarm and Maxwellian
results for helium. This was expected since for the same
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mean energy, the ionization rate of a Maxwellian EEDF
is much larger than the ionization rate of a swarm
EEDF. Since the ionization rate (which depends on the
tail of the distribution) has to adjust in order to
compensate for ambipolar losses to the electrodes
(which depend on the mean electron energy and thus on
the bulk of the distribution) the mean energy for a
Maxwellian distribution must be lower than for a swarm
distribution.
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0.84 | rf Current - 156mtorr

--o-- rf Current - 250mtorr
= rf Current - 500mtorr
v total Power - 156mtorr
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o
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h
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Applied RF voltage (V)
Figure 4 : Ratio of the swarm to Maxwellian values of
the total current and powers as a function of RF
voltage amplitude in helium, in the conditions of
Fig. 1.

IV - Conclusions

The results presented in this paper can help
quantify the error induced by the assumptions on the
shape of the EEDF which must be done in a fluid model
of a RF discharge.

It appears that although the difference between
ionization rates from a swarm and a Maxwellian EEDF
for the same mean electron energy can be orders of
magnitude, the discrepancies induced by the choice of
the shape of the EEDF in a fluid model are much more
limited. This is due to the fact that the ionization rate in
the discharge must adjust in order to compensate for
ambipolar losses of charged particles to the electrodes
(which depends on mean electron energy and reactor
geometry).
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Heating Mode Transitions in a Capacitively Coupled Radio Frequency Discharge

C. M. Deegan and M.B. Hopkins °
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Introduction -

In capacitively coupled rf discharges, it is now widely
accepted that there are three main heating
mechanisms. Transitions from one mechanism to
another are effected by the external control parameters
such as gas pressure, rf voltage, current density and
the geometry of the discharge itself. These transitions
in heating modes are observed as marked changes in
the discharge properties such as light emission
intensity and plasma parameters. The main motivation
for this experiment was to study these heating modes
in the plasma and investigate if they depend on
discharge geometry.

In low pressure discharges a heating mode unique to rf
discharges has been reported [1.]{2.]. This is in a low
pressure, collisionless discharge, where -electron
heating is due primarily to the oscillating sheaths.
Increasing the gas pressure effects a transition to a
regime where the discharge is sustained by Joule
heating of the electrons in the plasma bulk. The third
heating mechanism is called the y - mode regime
which is due to secondary electron emission from the
powered electrode.

Experiments were carried out at several electrode gaps
over a wide range of input powers and pressures.
Plasma parameters were measured using a Langmuir
probe system. Corresponding current and voltage
information was stored and analysed for its harmonic
content. Therefore, the properties and behaviour of the
plasma could be correlated with its external control
parameters. In this way it is hoped that methods of
proper optimisation of plasma processes may be
devised.

Experiment

Our experiment is an asymmetrically powered,
capacitively coupled discharge with a ‘powered
_electrode 20 cm in diameter. The gap width was varied
from 3 to 7 cms. Two passively compensated
Langmuir probes, positioned in the discharge
midplane, are used to monitor plasma parameters. The
first probe measures the I-V characteristic from which
the plasma parameters are derived. The presence of an
tf voltage across the probe sheath leads to a distortion

Ireland.

of the probe characteristic. This distortion is due to
shifts in the plasma potential which increase with the
measuring probe bias. The second probe compensates
for this distortion by tracking the floating potential
and allowing correction of the measured parameters.
This system has been found to be essential in
measurement of the low-energy electron component in
such plasmas [3.}. An argon plasma generated in this
type of system is non-equilibrium, the electrons and
ions deviate from a Maxwellian distribution.
Therefore, accurate measurement of the electron
energy distribution function is important as there may
be more than one temperature group in the plasma.
Monitoring of the primary control parameters was
performed using a current and voltage monitor,
connected to the powered electrode after the matching
unit. Voltage and current information from this
monitor was captured using a fast storage oscilloscope
and downloaded to a computer for analysis.

Most of the data for this study was taken at gas
pressures at or greater than 100 mTorr, though some
data at lower pressures was also taken to study the
collisionless heating mode. Plasma parameters
(electron temperature, electron and ion density and
electron energy distribution functions) were measured
in argon at input powers ranging from 5 to 200 Watts.

Results

This procedure was carried out on discharge gaps of 3,
5 and 7 cms. Current, voltage and power were
evaluated for several harmonics of the fundamental
driving frequency. An obvious transition was noted on
increasing the gas pressure. At higher pressures and
voltages another transition was apparent, the electron
temperature dropping sharply while the density
increased  (see Figure 1.). This transition was
observed at different input powers for different
pressures (see Figure 2.). This is the o—y mode
transition in the plasma and it is coupled with an
increase in the light emission intensity and variation
in shape of the plasma voltage and current waveforms

[L.].
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The formation of RF sustained double layer
in plasma resonance

B. M. Annaratone, J. E. Allen and A. E. Dyson
Department of Engineering Science, University of Oxford,
Parks Road, Oxford OX1 3PJ

Introduction

In the last decade semiconductor
industry has required a big technological
effort in order to match increasingly
demanding requirements. Features below a
tenth of a micron, shapes suitable for the
optoelectronic devices or micro-size plasma
technology can only be achieved by
innovative plasma processing technique. In
this context the non collisional regime has
gained increasing importance. The
mechanism described in the present paper
may provide an alternative mode of
operation for plasma reactors operating at
low pressures. It is likely that RF sustained
double layers could explain acceleration of
charged particles in space plasmas. Typically
double layers in plasma have only been
observed in a DC context, either at electrode
surfaces or between two different plasmas.

The enhancement of the DC floating
bias on electrodes by a superimposed RF
current is an effect much used in plasma
processing to increase the energy of the
impinging ions. The non linear IV
characteristic of the plasma sheath is time
averaged on the RF wvariation and this
process effectively increases the electron
current able to overcome the ‘built in’
negative voltage difference. In this
contribution we propose an analogous
mechanism to explain the observed double
layers that appear in RF plasmas when the
driving frequency coincides with the local
plasma resonance on certain surfaces of a
non uniform plasma.

The theory foresees a power
absorption on these surfaces associated with
an effective resistance' which depends on
(dw,/dx)’. The w, profile, and the
corresponding plasma density distribution,

- Figure 1 Side view of the CF, plasma in plasma

can be modified in order to change the
power transfer.

Experiments

Measurements were carried out in a
parallel plate reactor driven at 100V, and
157MHz. At this frequency the reflected
power to the amplifier, without matching
unit, was minimised. Experiments were
carried out in Argon and CF,, the electrode
separation being 3cm and the gas pressure
varying from 1 to 10 Pa. On the grounded
electrode a retarding field analyser, R. F. A,
recorded the energy of the impinging ions. A
probe in the plasma was connected
alternatively to a divider circuit’ for the
measurements of the RF fluctuations,
analysed by a spectrum analyser, and to a
voltmeter, with active RF compensation for
measurements of floating potential.

_ With decreasing pressure the
harmonics of the voltage fluctuations in
plasma develop a resonanee which shifts
towards lower frequencies. This resonance is
attributed to the plasma-sheath resonance.

resonance. The upper electrode, grounded shows the
connections for the R.F. A., a probe is inserted from
side and on the lower electrode, driven, a sample to
be etched can be seen. The bright disk corresponds to
the white part in the centre of the discharges. No
boundary sheaths can be seen here.
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Approaching the fundamental frequency, and
the local plasma frequency due to non
uniformity of the plasma density the plasma
undergoes a major change. A bright disk
appears in the centre of the discharge
surrounded by a much weaker plasma, see
fig. 1.

Simultaneously the ion energy
analyser records a shifting of the plasma
potential to higher and higher values, up to
150V, which is associated with an increased
energy of the ions. In coincidence with the
formation of the bright disk the ion energy
distribution splits in two peaks, see fig 2.

Usually the deviations from the
typical, non collisional  ion energy
distribution, which are observed at low
pressure and high driving frequency, are
explained by the residual capacity of the ions
to follow the RF fluctuations across the
sheath when w; is smaller, but still
comparable, with the involved frequencies.
In our case the ratio f/f; is well above one
hundred, so that this explanation is not
applicable. An estimate can be obtained
considering the driving frequency to hit the
local plasma resonance in the middle point of
the visible emission discontinuity. At that
point the density will be 3 10"m™ giving f; <
IMHz. A much higher density is expected
inside the bright region. From the splitting of
the two peaks the abrupt change in the space

-potential on the two sides of the light

discontinuity is about 10V,.. The integral of
the ion energy structure is more than double
with respect to the single peak case. This
integral represents the flux of ions and is
proportional to the processing rate in
technological applications.

Evidence of discontinuities in the DC
and RF voltage on the two sides of the
discontinuities by RF driven Langmuir probe
will be presented. RF sustained double layers
are more easily formed in electronegative
gases, CF, and Oxygen although in resonant
conditions also appear in Argon and Helium.

Discussion - i
The theory presented in [1] will need
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Figure 2 Jon velocity distribution shown against
the collector voltage from the R. F. A.. The ramp
raises 50V/div., OV is two divisions below the
horizontal line (not shown) which cuts the noise. The
smaller peak is at 150V and the larger one at about
160 positive with respect to the grounded electrode.

to be modified to take into account the finite
nature of the discontinuity. The suggestion
made here is that the non linear behaviour of
the system leads to a localised D. C. voltage
drop in addition to the localised A. C.
voltage drop which is predicted by the linear
theory. Electrons travel across the
modulated double layer from the high
potential to the lower and vice-versa. The
net result is that energy is given to the
electrons, the energy supply being that of the
Pointing Vector. In addition energy is given
to the outward-flowing positive ions in a
similar fashion to that obtained in a radio-
frequency enhanced sheath adjacent to an
electrode[3].

Assistance in the experiment and
discussions with W. H. Steel and S. N.
Karderinis are acknowledged. The project is
funded by the Engineering and Physical
Sciences Research Council.
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RF HYDROGEN PLASMA DISCHARGE USED FOR CHLORIDE REMOVAL

FROM CORRODED COPPER SAMPLES
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Faculty of Engineering, Zagazig university, Zagazig, Egypt
Institut Frangais d’ Archéologie Orientale, Cairo, Egypt

Introduction

RF discharges are now widly used in many
technological applications. One of the
promising field of use of such discharges is the
treatment of corroded metals with hydrogen
plasma discharges. An ideal case of corroded
metal objects are those coming from
archeological excavations. This method is
succssefully applied to different metal objects
coming from the archeological field, /1-3/. The
method consists on the use of hydrogen plasma
to remove first the incrustation covering the
metallic object by a reduction of the oxydes in
the incrustation layer, and then to passivate it
against postcorrosion by the removal of the
chlorides which act as a catalyser for corrosion.
In this work we have treated artificially
corroded copper samples in pure hydrogen
plasma in order to study mainly the chloride
removal process in copper by the effect’ of
hydrogen plasma.

Experimental setup

Fig. 1 shows the experimental arrangement.
RF Power generator

Matching unit

s

J_rm———- Feed gas
/—— Electrodzs

10>

Spectrogroph

Plasma e\

—Z8
Sample —/

Vocuum meter

L Vacuum pump

Fig.1 RF discharge experimental arrangement

The RF power at a frequency of 10 MHZ, is
coupled to two opposite staimless steel circular
electrodes of 9.6 cm diameter. The discharge
occurs in a symetric cross shaped glass tube, of
10 cm inner diameter, the interelectrode
distance is adjustable and can go up to 50 c¢m,
which is the distance between two opposite
ends of the glass tube. The discharge can be
operated continuously with a power up to 300
W, applied to one electrode, while the other
one is connected to the ground.

Experimental investigations

Before proceeding on our investigation about
the effect of the plasma on corroded copper,
we have measured the physical parameters of
the hydrogen plasma, namely the electron
temperature and density. The electron
temperature is determined spectroscopically by
the measurement of the ratio of the line to
continium intensities of Hg line. In Fig. 2, the
electron temperature variation is plotted versus
the gas pressure for a RF power of 50 W. It
appears that the electron temperature decreases

_ rapidly with the increase of the gas pressure

untill a value of around 2 Torr and then seems
to be maintained around a value of 2.4 eV.

A

30 —f

3N =~

200 —

Electron Temp. (eV)

"~

\\

20 T T — | T
(1] 200 40 sm
Pressue (Torr )

240 — \
-

Fig. 2 Electron temperature variation with gas
pressure for RF power of 50 W in hydrogen.
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The electron density has been measured in a
simiilar experiment using a microwave
interferometer, /5/, the results show a density
increase with gas pressure up to around 2 Torr,
at which the density reachs a maximum and
then decreases with the increase of the gas
pressure. We take the value of 2 Torr as the
operating gas pressure in our investigations on
metal corrosion.

A copper sample is artificially corroded and
then treated in pure hydrogen plasma for 150
hours, the plasma treated sample is then
immersed in deionised water for one week with
continuous stirring. Measuement of the
chlorides contents on the surface of the plasma
treated sample before and after washing in
water by energy dispersion analysis of x rays
(EDAX) shows a decrease in the chorides after
washing the sample, as shown in Fig.3- a and b.
This result is coupled with the measurements of
the chlorides concentrations in the water
measured by an ion anlyser with a cl electrode
which shows an increase in the concentration
of chlorides in the water by approximately a
factor 2 compared to the concentration
obtained by untreated sample in the same
conditions.

CONCLUSION

Those measurements show that the chlorides
content in a corroded copper sample can be
lowered using the hydrogen plasma which
increase the porus nature of the oxyde layer as
a result of the ion bombardment, this was
observed by scanning electron microscopy, and
hence permiting the diffusion of the chlorides
and their reduction from the insoluble to the
soluble phase. This enhance their elimination
after washing in deionised water.

PLANS

More experimental measurements should be
performed in order to determine quantitatively
the effectiveness of this method on different
corroded metals. Comparisons of the plasma
effect in different types of plasma discharges as
DC glow discharge, and microwave discharge
are now in progress.
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Fig. 3 - Spectrum by EDAX of the surface of
a plasma treated corroded copper sample
a- before washing b- after washing
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Breakdown in a Hydrogen pulsed discharge created in a resonant cavity.
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1. Introduction.

The transient kinetics of H, discharge has been
investigated by the PICMIC technique. It consists of
analyzing the motion of a particle swarm under the
influence of an accelerating electric field, set up in a
microwave cavity, in order to evaluate the statistical
balance of its behavior.

The purpose of our study is to evaluate the
breakdown time of the discharge, in order to compare it
with that determined experimentally.

2. Experiment.

The H, discharge (0.5-40 Torr) is created in a
cylindrical quartz tube (di.. = 16/19 mm) placed along
the center axis of a microwave cavity (d = 257.1 mm).

The TE;; excited cavity at frequency f
=1.12GHz (L.~168.4mm) is supplied by a pulsed

power (P; =1-15 kW) with At = 10 ps width pulseand a0 -

= 10" duty ratio.

The temporal distribution of the electric field
at the critical coupling cavity and without plasma,
working in the transient regime, can be written as :

Eo(t) = Ao x /P;‘% x1-e o xsinfot) )
Teo

where :

- the subscript ‘0° denotes that the cavity works without
plasma. _

- A, is the electric field amplitude at steady state,

normalized to 1W for a perfect cavity characterized by

2 ts value was found by

clectromagnetic analysis, which consists in solving the
Maxwell’s  equations
conditions.

the padding time

- 1, =25x107%s is the actual padding time for our
cavity.

electric field at the cavity walls.

At the beginning the field strength increases
according to equation (1). The cavity works as if it is
empty due to the weak electron density. Then,
breakdown occurs and the rising electron density
induces a change in the cavity 1., and consequently in
the electromagnetic field configuration. This leads to
the electric field peak shown in the figure 1.

with appropriate boundary

Figure 1 presents the temporal evolution of the

E\vall )]

1=112Gl Lz, 1. P=5.5kW

0,05 R U PN S S SO SR

0 200 400 600 300 1000 1200 1400
t (ns)

Figure 1. Temporal evolution of the electric field probe
' measurements at the wall of the cavity.

3. The numerical model.

The numerical simulation starts as soon as the
HF power is supplied to the cavity. At this time a seed
electron, stochastically chosen, and assumed to be
produced by natural ionization, is considered present in
the discharge tube.

Under these conditions it is not possible to use
a fluid numerical code. On the contrary, a kinetic code

1600

is well adapted to describe the temporal evolution of a -

system starting at very low electronic density.

The primary electrons gain energy from the
external electric field defined by equation (1) and lose it
by collisions with molecules in ground state only. The
chosen electron neutral collisions are rotational,
vibrational, electronic excitation and ionization of H,
molecules. The electron kinetics is quite similar to the
one described in [1]. The related cross sections are
taken from [1] and [2].

In order to define the collision frequencies, the
neutral density N must be defined from the working
pressure and the gas temperature. Since the time
duration under study is less than 1 ps, the gas
temperature is likely to be constant (T, = 300 K)
presuming that the gas has not time to heat up,
whatever the pressure is.

Due to the very low charged particle density at
the beginning of the pulse, the ions are regardless and

‘the discharge is controlled by electron free fall.
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e(eV)

4. Energy balance of the particles

The particle-field energy exchange is
performed during the free flight (between two
collisions), the system globally gaining energy.at the
expense of the field. Thus, the acquired global energy
(8acq) is obtained by a sum over all electrons.

The global energy lost by collision processes
() has been calculated in the same way. One
contribution to this term is provided from the loss of
electrons by diffusive flow to the walls.

f=1.12GHz, H,. p=1Torr. Tg=3U0K, P=5.5kW
10° 3
10°F
10* 3
Clost

10 b Eaq breakdown
102 . N 1 . L L ' . I " 1

] 20 40 60 80 100 120 140

t (ns)

Fig. 2. Temporal variation of the acquired and lost
energies.

According to Fig. 2, where the temporal
energy evolution is shown, the system is initially
relaxed (predominant energy loss) since,the « hot
distribution function » is not in equilibrium with the
field. The weakness of the field and the small number
of charged particles in the early stage of the discharge

~explain the predominance of the energy loss over the
energy gain.

The increase of the field and of the number of
collision events result finally in the equality of the
energies (.cq = €10x) at the instant which we will define
as the breakdown time.

Beyond this time there is a positive energy
balance followed by an exponential increase of the

electronic density according to : V' where v
may be considered as the net ionization rate (for
instance v=27x10%s™" at p=1 Torr).

n, e

5. Results and discussion.

The comparison between the predicted and the
experimental breakdown times has been performed for
different pressures (0.5-10 Torr) and incident powers
(P;= 5.5kW and 10kW). They are in good agreement,
as shown in figure 3.

'
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Fig. 3. Breakdown time values versus the gas pressures
for two input powers P; = 5.5kW and 10 kW.

The numerical effective field at breakdown
also agrees well with the experimental one, according
to figure 4.
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Fig. 4. Breakdown field values versus the gas pressures
for two input powers P, = 5.5kW and 10 kW.

It seems that the breakdown fields do not
depend on input power which can be explained by the
long padding time of the cavity relative to the
characteristic breakdown times . :

The sharp increase in the electron density after
breakdown, makes that one has to consider the
ambipolar diffusion regime in place of the free fall one
and the ion kinetics. The work taking into account the
plasma effect on the HF electric field is in progress.

[1] Loureiro J., J. Phys D : Appl. Phys. 22 (1989) 1680.
[2] Tawara H., Itikava Y., Nishimura H. and Yoshino
M., J. Pys. Chem. Ref. Data, 19 (1990) 617.
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1. Introduction

Surface wave (SW) discharges link in a self-consistent
way the wave electrodynamic characteristics and the
behaviour of the plasma parameters. The wave field
heats the electrons which ionize the gas ensuring in
this way a continued wave propagation. Thus, the
generated plasma column acts as a self-supporting
waveguide [1]. The correlation between the different
plasma balances and the wave propagation is a basic
principle. For this reason, the present report is
concerned with an experimental, space-resolved
investigation of the electron energy distribution
function (EEDF) and associated integral quantities
together with the propagation characteristics of the
surface wave. The aim is to show the essential
correlation, for the SW discharge physics, between the
EEDF behaviour and the electromagnetic wave
characteristics.

2. Experimental procedures and results

The experiments have been performed in a stationary
HF discharge sustained by an azimuthally symmetric
SW of frequency ©/2n = 500 MHz. The plasma column
is created in nitrogen at a pressure p = 0.5 Torr in a
Pyrex glass tube with an inner diameter 2R = 4.5 cm.
Axially resolved EEDF measurements are performed by
means of a computer controlled data acquisition system
and numerical differentiation of the probe
characteristics [2]. The ion saturation current at high
negative voltages has been used to obtain the electron
density. A radiophysics diagnostic method has been
applied to obtain the SW propagation characteristics -
phase and attenuation diagrams - (phase sensitive
measurements along the wave path by a vector
voltmeter).

The axial dependence of the measured EEDFs
is depicted in figure 1. The measurements are
performed at different axial positions (Az) from the end
of the discharge at a fixed radial position /R = 0. The
scattered values at low and high energies indicate the
limits of accuracy of the technique used, which is seen
from fig. 1 to provide a dynamic range of nearly three
orders of magnitude. Due to the well-known increase
in the SW electric field intensity near the column end, a
significant enhancement of the EEDF tail is observed

in this region, which yiélds higher energy averaged
collision frequencies.

It is found that the electron density is a linear
function of the axial co-ordinate with an axial gradient
dng/dz = 2.12 x 109 cm™. Electron densities lower
than the so called cut-off density [1] are obtained. The
cut- off density is reached at about 5 - 7 cm from the
end of the plasma column (L = 23 cm under the
conditions considered).

Figures 2, 3 show the phase (m/ 1 vs. BR)
and the attenuation diagrammes (©/o pl VS. ). In our
experiment, the phase diagram is measured, ie, ®
remains constant and both  (axial wave number) and
®p] (electron plasma frequency) vary along the plasma
column The influence of collisions on the phase
diagram is clearly observed [3]. The obtained
experimental results follow the trends of the theoretical
phase diagramme obtained for the collisional case,
assuming a constant v/e = 0.5 (where v is the electron
neutral elastic collision frequency obtained by
integration over the measured EEDFs [4] ). Note
however that this ratio slightly increases towards the
column end due to the EEDF changes above described.
It should be noted that the values of BR go through a
maximum at o/oy =~ 0.5 and tend to decrease
afterwards. This “turning back" of f on the phase
diagramme is a characteristic of SW propagation in a
lossy medium. As it is seen, the axial damping
coefficient o increases continuously with increasing o/
®p] ratio. At about Az =5 cm from the end of the
column, the experimentally obtained o values reach the
axial wave number ones.

The observation that o reaches the value of B
at Az =5 - 6 cm and the “turning back" appearing on
the phase diagram are related to the fact that electron
densities lower than ngy; off are obtained at a distance
of about Az = 5 - 7 cm. In conclusion, collisions
influence (in spite of the present low pressure
conditions) the wave propagation characteristics and
are responsible for the turning back of the axial wave

number in the phase diagramme.
For a reliable description of the SW discharge
physics, the investigation of the discharge

electrodynamics should be coupled to a self-consistent
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treatment of the plasma kinetics as the results
demonstrate.
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1. Introduction

The low pressure hydrogen plasma created by a
microwave discharge is widely used for different
applications. The microwave power is efficiently
absorbed and leads to strong heating of the gas
. and the discharge tube walls. Different theoreti-
cal models implemented in the past to describe H,
microwave discharges, do not take into considera-
tion self-consistently this heating. The aim of our
report is to present a self-consistent model taking
into account these effects, which is able to calculate
different plasma properties.

2. Description of the Model

The input parameters of the model are: angu-
lar frequency w of microwave generator; power P
(watt) absorbed into discharge; radius R (cm) of
discharge tube and length L (cm) of discharge;
pressure p (torr); gas flow rate Q (sccm); and ini-
tial gas temperature Ty (at the gas inlet into dis-
charge zone). The density of absorbed microwave
power along and across tube is assumed homoge-
neous. It is also assumed that w > v, where v, is
the frequency for energy relaxation of plasma elec-
trons. This condition permits us to use the sta-
tionary Boltzmann equation for free plasma elec-
trons. The model enables to calculate the following
plasma properties: concentrations of Ho molecules
and H atoms, H*, H}, Hf, H~ ions, populations
of H(2), H(8), vibrational levels of Hy(X*X}) and
effective high Rydberg state Hy(R); density N, of
free electrons, their average kinetic and character-
isiic energies; electron drift velocity; electric field
E; average (across the tube) gas temperature T
and wall temperature T},.

For determination of the above mentioned
plasma characteristics a coupled system of equa-
tions has been investigated for the kinetics of
free electrons (stationary Boltzmann equation),
vibrational kinetics of H, molecules, kinetics of
H, Rydberg electronic state, chemical kinetics of
heavy neutrals and charged particles (master equa-
tions for population densities), gas energy bal-
ance (equation for gas temperature) and reduced

maintenance electric field (equation relating the
absorbed electric power to the effective electric
field). The polyquantym vibration-translation en-
ergy exchanges Hy(v) + H = Hy(v — Av) + H;
Av > 1 have been taken into account for investi-
gation of vibrational kinetics and gas heating. A
semi-empirical formula has been obtained and used
for calculation of wall temperature Ty, when forced
outside cooling of discharge tube is absent, taking
into consideration convective and radiative cooling
of tube walls. This model extends to microwave
discharge our model describing flowing Ny — Ho
low pressure DC discharges [1].

3. Typical Results

The behavior of different plasma characteristics
(electric field; electron average and characteristic
energies; gas, wall and vibrational temperatures;
densities of particles and populations of excited
states) has been investigated for different values
of input parameters. As an example, the results
of preliminary calculations for dependencies of H
atom densities, H~ ion densities, gas temperature
Ty and vibrational temperature Ty on gas pressure
are given on Figs. 1 - 4, respectively, for different
discharge powers (indicated on the curves) in pyrex
glass tube. The calculations were carried out for w
=2.45GHz; R=1.3 ¢cm; L =15 cm; @ = 200 scemy;
To = 300 K. It can be seen that maximal H atom
density is reached for some gas pressure p < 1 torr.
The increase in H density with absorbed power is
monotonous but smooth. The maximal H~ ion
density is reached for low pressure and large dis-
charge power. The gas temperature monotonously
increases with pressure and absorbed power. The
vibrational temperature changes little with pres-
sure and power and has values in the range 1800
- 2800 K. It is interesting that it decreases with
growth of discharge power in spite of the increased
pumping of vibration levels in this case. This is
explained by the increase in the rate for vibration-
translation relaxation through the increase of gas
temperature and H atom density.
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It is necessary to note that the length L of a real
microwave discharge is determined by the propaga- : : : 1
tion and attenuation of the microwave electromag- 1400 - |
netic field so it usually depends on absorbed power = ] 1000 W
P, gas pressure p, radius R and material of dis- ~ 1200 |-
charge tube. Therefore the electrodynamics must et i 1
be taken into account in the model for the choice .5 1000 L
of optimal working conditions. We plan to make s i , T
this in the future. g’ 800 =T
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Some results from hydrodynamic modelling of diffusion cooled radiofrequency
sheat discharges

A. Harendt
Institut fiir Plasma- und Lasertechnik, TFH Wildau, D 15745, Friedrich-Engels Str. 63

1 The model

We examine capacitively coupled radio frequency
(CCRF) discharges in systems with electrode spacing
of some mm's, frequencies from 10 to 100 MHz at
pressures of some kPa.

1.1 The equations

For the electrons and ions the continuity equation in
the Lagrange and partial form is used (both are
necesarily to use)

dn, on, on o
__1_=__L+.Z,I_J_=_nlgcl_

da o ox
with n; =n,;, and n, the particle densities, v, = v,; the
drift velocities, X; the ionisation rate coefficient and
X, the dissociative recombination coefficient. They are
functions of E/n,. The electron velocity is given by
drift oscillation. For the ion velocity we solve the
momentum balance omitting diffusion. {1]

v, =—-bc(E/n0)E

dv, Ov, oo, e .

—t =Pty —t=——|blE/n, )E -0,
ad a biml.( '( Jro) ‘)

We get the electrical field integrating the one dimen-

Ox
sional Poisson equation

+ne(n0Xi —n,.X_r) )

@

d/2

dE p ' .
ol omen-n), | ~Edx=Uy®) @)
dx & -;[/2 ’

_ To estimate the gas temperatur § and n, respectively
we solve the stationary heat transfer equation

%:_i ]},(x,t)E(x,t))dt = —a—i(X(S)%i—]with "

Jo = e(ni(x,t) 'z)i(x,t) _”e(x>t)ve(x’t)) |
A ist the temperature dependent heat conductivity.

1.2 Discretisation, boundary and wall conditions.

Eq. (3) and (4) are easy to solve. They are real bound-
ary value problems. Eq (1) and (2) are not of this fype.
. As the result of the calculation we have to get n,; and
2,;- not only in the volume, but also at the electrodes.

Fig. 1 shows the discretisation process. The bold, ben-
det line is a front of charges (electrons or ions). Left
the densitiy of this species is zero and at right greater
than zero. The boundary on the left represents the
electrode. The time axis extends from top to bottom.
At the top of Fig. 1 the velocity of the species points to
the electrode at x = - d/2. The density and the velocity
of each volume F is described by the totql differentials
from eq. (1) and (2). The position from each element

- including the front
F of the species - is
given by
dx®.
@51 (5)
dt
k is the number of
the discretisation vol-
ume. This equation
permits to estimate
the time, at which
the front S; touches
the electrode. The
density of the species
increases in this mo-
ment at the electrode
in a jump from zero to n,; and we get a current
Joi = 0, 1,; into the electrode. To continue our calcu-
lation we use the partial form of eq. (1) and (2) for the
interval ¢,,, and for the fixed point x = - d/2. This is
not difficult since we have to make all derivatives to
the right side. Tt is v,; 2 0 after the time ¢, We
create for v,; = 0 a volume S, for calculations with the
total differentials and initialize it with x = - d/2,
v = ( and n = n,, with n, as the result from the calcu-
lation with partial derivatives.
If the current into the electrode is an ion current then
we get y-electrons from the relation |7,| = y|j;|. That
gives the boundary value for the y-electron densitiy on
the cathodic electrode -

eyt

Fig. 1: Discretisation

. Y
e = Y,
: v,

©®

2 Results
2.1 Results especially for CO, - slab - lasers

First we remember a result published previously {2].
Next we discuss some aspects concerning a CO,-slab-
laser. We neglect y-processes for this studies.
From eq. (1) using (2) and (3) follows

dn, oE p

=b,n,—+.=b n,—+..

dt €
Eq. (7) means, that the density of electrons decreases
for p < 0 and increases for p > 0. Fig. 2 is showing
that. The density in the front of the electron layer
exceeds and at the rear falls below the ion density.
From this follows that the electrons of the boundary
layer see a higher electric field than the electrons of
the bulk plasma. The conclusion is that all processes
with a strongly dependence on the reduced field for
example the production of charged particles are
located in the boundary layer. On the other side the

Q)
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Fig. 2: Structure of a CCRF-discharge at 27 MHz,
Uesr =400V, p =4 kPa, CO,:N,:He = 1:3:18

ions in the boundary layer are under the influence of a
very strong field during a long part of the period. The
ion velocity is small in comparison with the electron
velocity. But the power j;E, which the ions extract
from the electrical field can not be neglected. Fig. 3
shows this for two frequencics and some voltages: In
the upper part the power absorption of the electrons, in
the lower part that of the ions. This fact has to be
taken in consideration for CCRF discharge systems.

2.2 Results including y - processes

We include now y-processes with y=107 in our calcu-
lations. The discharge skip from o- to y-mode if the
voltage is high enough and the y-mode is possible.
Secondary electrons produced by ions at the electrode
form an avalanche which is directed to the volume
electrons. If the density in the electron avalanche drif-
ting through the boundary layer reaches the density of
the volume electrons then the discharge is changing to
the y-mode. Fig. 4 shows the structure of such a dis-

(Wem® -- 42MHz — 13MHz
o7\ 310 (528)

80 (305 100 (305)

0.1 L

be_____ —42MHz, 310V ,°
P o\ 13 MHz, 500 V ’
o / 13 MHz, 300 V

(RN

P, =—;~Tfn o Edt

0.1

-0.2 01 0 0.1 0.2cm

Fig. 3: Power absorption of electrons and ions. Para-
meters are the voltage and in parantheses the
temperature in K on x = 0. All other are the same as
Fig. 2.
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Fig. 4: 8 MHz, U, =350V, all other is same as Fig 2

-0.1 0 0.1

charge performing stationary oscillations. In front of
the electrods a space charge structure builds up being
similar to a cathode fall region of a dc-discharge. It is
important to mention that by the transition to the
y-mode the calculated voltage-current density charac-
teristic does not fall. This demonstrate that the
transition of a CCRF-discharge into the high current
mode is not caused by y-processes at the electrodes.
Fig. 5 shows that with an increase of the voltage the
thickness of the boundary layer reaches a limit which
is independent of the frequency. The simplest
expressions of the ionisation rate coefficient and the
electron drift velocity for high fields are

-B,
X, = Ae /E/"",vc < JE[n,

We can see that the ionisation rate a efficient saturates
while the drift velocity is increase monotonously inde-
finitely at high field. This is the reason for the limita-
tion of the boundary layer thickness at high voltages.
Comparing Fig.2 with Fig. 5 we can see that the
boundary layer in the a-mode at 27 MHz is much
smaller than the layer in the y-mode at 8 and 13 MHz,
This means that at high frequency y-processes alone
are not enabled to initiate the transition into the y-
mode of the discharge.

Supported in parts by Deutsche Forschungsgemein-
schaft SFB 191, project A10.

10 -F
4 n, [10" cm™) 8 MHz

0.1 02cm

Fig. 5: Middle ion density by y=102, gas as in Fig 2.
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Optical Diagnostics of the RF Discharge Burning
at Atmospheric Pressure and Interacting with Water Solution

A. Brablec, P. Slavicek, M. Klima and V. Kapicka
!Department of Physical Electronics, Faculty of Science,
Masaryk University, Kotlafskd 2, 611 37 Brno, Czech Republic

1. Introduction

A combination of rf plasma jet burning at at-
mospheric pressure and liquid represents a system
where are in contact all known state of matter - lig-
uid, solid material (nozzle and other material), gas
(carrier gas in the plasma jet) and ionized gas (the
plasma). In the paper, we present our first experi-
ence with such system (in our case a pure water lig-
uid) where a number of interesting phenomena can
be found. It also evokes possible applications like are
a new approach to the restoration of archeological
artifacts, [1, 2], new therapy in medicine, new pro-
cedures in chemistry and in treatment of surfaces,
etc.

2. Experiment

A schematic drawing of our plasma jet system driven
at 13.56 MHz is given in Fig.1. As a working gas
we used argon for two flow rates (1.5 I/min and
15 1/min) and two output power (150 and 200 W),
respectively. Here, the plasma jet worked in the sub-
sonic regime but a supersonic version is prepared.

3 quarz caplilary

1 -l- ,
H-ﬂmd‘h
4 buming plasma

3 5 holger

1 live electrode
2 holiow nozzle with siit

water sofution

Figure 1: A schematic drawing of the RF dis-
charge (length - 5 c¢m, inner diameter -0.6 mm,
outer diameter - 1.5 mm).

Spectra were recorded in the spectral range of 280 -
950 nm using the HR 640 monochromator and the
Spectrum One CCD, air cooled (1024x128 pixels) by
Jobin Yvon. ;

3. Results

The discharge was driven in flowing regime and vi-
sually we observe no difference between burning in
open air and in pure water liquid. But in spectra
recorded in water we found significant decrease of
N, and an increase of OH lines. A typical spectra
are demonstrated in Fig.2, 3.

T T T T —T T

in water (base line shifted)

/

| Al _
. jinair

1 i 1 1
305 310 315 320 328 330 335 34
* [nm]

intensity [r.u.
:

Figure 2: Typical spectra of the discharge burn-
ing at atmospheric pressure in water solution and
in open air. The OH band (0,0) with rotational
structure is observed in second order.

14000 - : e

:

in air (base line shifted)

/ in water i -
N

intensity [r.u.]
14

¢

g

0 | A ‘LJHIJ

360 = 380 . 400 420 440
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Figure 3: Typical spectra of the discharge burn-
ing at atmospheric pressure in water solution and
in open air.

The plasma channel in air (for higher power and
flow rate) was 1 cm long, very narrow (diameter -
1 mm?) and sharply space limited. The diameter of

" the discharge in water was practically the sane but

at low flow rate and output power the length was
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Figure 4: Vibrational and rotational temperature
for the discharge burning in open air near the
water level as a function of distance from the end
of the nozzle.

about 1.5 cm.

In the spectra, there are identified important

bands and lines as follows:

e nitrogen vibrational band for vibrational num-
bers (0,3), (0,2), (0,1), (0,0) - with observable
rotational structure, (1,0) _

e vibrational OH bands (0,0) with resolved rota-
tional structure, bands are observed both in first
and second order

e hydrogen lines - they are very dominant in the
water liquid; Hy, Hg can be used for diagnostic
purposes

e argon lines - argon is the carrier gas and for this
reason the atomic lines are observed in all cases

Vibrational temperatures were determined from
the N second positive system C3II,,u-B3Il, using
bands (0,3), (0,2). Rotational temperature esti-
mated from the rotational lines of OH approximates
temperature of neutral gas. From argon atomic lines
we estimated excitation temperature. A comparison
of the discharge with other ones investigated previ-
ously is done in Tab.1 (the data are from [3]).

N, [K] OH [K] p [Pa]
RFPJ | 4000 - 7000 | 500- 650 | 100 - 2000
HCD | 3500 - 4000 | about 400 | 50 - 800
RFPJ* | 1700 - 2200 | 400 -800 10°

Table 1: RFPJ - rf plasma jet burning at reduced
pressure, HCD - hollow cathode discharge, RFPJ* -
of plasma jet at atmospheric pressure

In Tab.1, there is also given results obtained from
similar measurements realized in the system with
hollow cathode running under the same conditions.
Namely, there are physical reasons that in the hol-
low cathode discharge occur similar processes like in
the plasma jet but in comparison with it the theory
of the HCD is developed.
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4. Conclusion

We present first results of so called ”plasma pen-
cil” which draws attention not only for unexpected
phenomena appearing there but especially for hope-
ful technological and medical applications. Namely,
we investigated interaction with liquid water (sim-
ple system) but it is evident that the experiment
allows to modify many parameters like are working .
gas, electrical parameters, dimensions of the nozzle
and composition of the solution. Particularly, the
last parameter can bring new surprises.

The optical diagnostics will be supplemented by
chemical analysis of the solution [4].
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Study of a gas flow in a two — nozzle plasma reactor

K. Kapoun!, Z. Hubika?, M. Sery!, M. Sicha3
1Department of Physics, Faculty of Education, University of South Bohemia,
Jeronymova 10, 371 15 Ceské Bud&jovice, Czech Republic, e-mail: kapoun@pf.jcu.cz
ZInstitute of Physics, Division of Optics, Academy of Sciences of Czech Republic,
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3Department of Electronics and Vacuum Physics, Faculty of Mathematics and Physics,
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1. Introduction

The low pressure RF plasma—chemical reactor with the
multi-hollow cathode system is described in the papers
[1] and [2]. We study a gas flow in the two nozzle
system and we present the phenomenon of the substrate

"paint" .

2. Schlieren methods

The réfractional methods of visualisation of

inhomogenities in gas use the dependence of refractive
index n on density p or pressure p and temperature 7

Po P T

Gases with significant pressure inhomogenities are
especially suited to the well-known schlieren,
interferometry or shadow schlieren methods. We have
used the schlieren. methods to the visualise of the
‘interaction of gas flows from two nozzles.

Our experimental setup is described in paper [3]. This
setup comprises a reactor chamber with a compressor, a
vacuum pump and schlieren equipment Carl Zeiss. The
images were taken by CCD camera and the procedure of
DIPS was used.

3. Results

We have studied characteristics of the reactor with two
hollow cathodes which were connected to the different
RF generators. The working gas flow through both
nozzles was supersonic. We could have changed
electrical parameters of both generators, geometry and
material of both nozzles and of substrate, and pressure
of gas in both nozzles (p; and p,) and in the reactor
chamber (p ). We changed only pressure because we
study the neutral gas flow in these experiments. The two
nozzles in our experiments were placed in, the reactor
chamber perpendicularly to each other. The external
diameters of both nozzles were 6 mm and the internal 3

mm. The substrate was placed in the angle 45° to both
nozzles.

The figures 1 — 4 show a typical picture of schlieren
image (and its equidensities) of supersonic flow from
the nozzles, and the secondary flow. Pressure of gas in
boths nozzls (p; and p,), pressure in recipient (p ) and
position of substrate and nozzles are drawn in these
figures. This flow is created due to the interaction of
particles from both primary channels. It has been found
out experimentally that the direction of the secondary
gas channel depends on the pressure of working gases
flows in the primary gas channels. It has been found out
that it is possible to deviate the secondary gas (or
plasma) chanuel by increasing of the gas flows in the
nozzles (the phenomenon of "paint").

The deviation of the secondary plasma channel allowed
to deposit a thin film on a particular part of substrate.
For this reason by means of the multi hollowcathode
system it is possible to deposit the composite thin films
and multilayer structures onto internal walls of cavities,
tubes and on components with complicated shapes.

4. Acknowledgement

This work has been done in connection of the
Association for Education, Research and Application of
the Plasma—-Chemical Processes and was particularly
supported by grant 202/95/1222 of Grant Agency of
Czech Republic.

6. References

‘[1] Z. Hubitka, M. Sicha, M. Novik, L. Soukup,

L. Jastrabik, K. Kapoun, M. Sery: Contrib. Plasma
Phys., in print

[2] Z. Hubitka, M. Sicha, M. Novék, L. Soukup, L
Jastrabik, K. Kapoun, M. Sery, V. Kapitka: ICPIG
XX

3] J. Blazek, K. Kapoun, M. Sery: In Proceedings
Digital Image Processing, JU Ceské Bud&jovice
1996, 87

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




scale:

I-131

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




1-132

The structure of a capacitively coupled plasma

Sideris N. Karderinis, Beatrice M. Annaratone and John E. Allen
Dept of Engineering Science, University of Oxford, Oxford, OX1 3PJ, UK

1. Introduction

Plasma processing has been an impetus for the very
rapid growth of electronic industry, in recent years. The
Capacitively Coupled Plasma Reactor is one of the
most utilised tools for the development and study of
plasma etching and deposition. In this contribution the
aim is to characterise the plasma used in a variety of
industrial processes using different diagnostics i.e.
Langmuir probes, Optical Emission Spectrometer
coupled to a CCD detector and a Retarding Field
Analyser. In our experimental work many different
gases have been used as: Ar, He and CF,.

2. Experiment

The 'capacitively coupled plasma reactor is
presented in figure 1. ‘

Fig.1 Experimental apparatus: (1) rf amplifier, (2)
blocking capacitor, (3) rf voltage probe, Tektronix
P0134, (4) ac current probe, Tektronix P6022, (5)
bridge for the rf guard, (6) rf guard, (7) grounded
shield, (8) grounded flanges, (9) rounded grid to
diffusion pump, (10) Teflon insulation, (11) ceramic
insulation, 12)driven electrode, (13) grounded
electrode, (14) glass vessel, (15)driven/voltage probe [1].

"In the present paper the experimental work for the
Ar case is presented, when the excitation to the driven
electrode is 300V, at a driving frequency of 13.56MHz
with pressure varying between 0.8 to 20 Pa and an
interelectrode distance of 80mm.

It is well known that when the plasma is in contact
with a surface such as an electrode a positive sheath is
formed to restrict the electron flux out of the plasma.
As there is less collisional excitation of the gas neutrals
in the sheath, this is less bright than the plasma. In our
experimental arrangement the driven electrode has an
area smaller than the combined earthed electrode and
walls. A larger sheath with more RF volts, and as a
consequence more DC volts, builds up at the driven
electrode. A Langmuir probe provides information on
the local electron density n,, the electron temperature
T,, the ion density n;, the plasma potential V,, the
floating potential V; and, for isotropic plasma, the
Electron Energy Distribution Function (EEDF). The
spectrometer is used to monitor the line intensity of
selected atomic transitions.

A spatial scan of the sheath and plasma regions has
been performed with Langmuir probes and a fibre optic
probe connected to the spectrometer /CCD. While the
space resolution of the probe is about 1mm, the
entrance angle of the optical fibre is 23° giving an error
of 5Smm on the optical emission. At pressures lower
than 1Pa the plasma sheaths expand up to half the
interelectrode separation. It should be noted that no
information on the electron density can be obtained
from the sheath regions with these diagnostics. At these
low pressures the plasma between the sheaths is
uniformly bright and of uniform electron density. As
the pressure is increased the sheaths shrink in size and
a less bright region develops in the middle of the
plasma. This reduction in light emission is not followed
by a reduction in electron density. At pressures in the
range above 10Pa the sheaths are <3mm in size and the
bright region is confined very near to the sheath edges.
Figs 2,3 and 4 show the profiles of the intensity of the
atomic line 415.86nm (excitation energy 14.53¢V), the
electron density profiles and the electron temperature
profiles.
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Fig.2 The intensity profile of the atomic Ar line
415.86nm at different pressures.
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Fig.3 The density profile of the Ar plasma at different
pressures.

The Temperature Variation of the Ar Plasma
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Fig.4 The electron temperature profiles of the Ar

plasma at different pressures.
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It is clear from Figs.2, 3 that as the pressure
increases a peak in the line intensity profile and
electron density profile develops near the driven
electrode.

3; Discussion

It is intended to extend these observations to obtain
information on various heating mechanisms that
sustain the plasma discharge such as plasma sheath
resonance[l], secondary electron emission[2] and
stochastic heating at the sheath boundaries[3,4]. The
last two mechanisms are both expected to be more
important at the sheath adjacent to the driven electrode.
The secondary electron emission depends on the larger
D.C. voltage whereas the stochastic heating is
associated with the larger A.C. voltage across the
sheath. Separation of the two effects is therefore not a
simple matter since the D.C. and A.C. voltages are
closely related.
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Temporal Evolution of an Inductively-Coupled RF Discharge
during Mode Transition
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1. Introduction

It is generally known that a dark discharge plasma is first
obtained and then the plasma is abruptly changed to a
bright one in an inductively-coupled radio-frequency (if)
plasma when the applying rf power is gradually increased
[1]. The brightness increases by an order of magnitude at
such a mode transition. We observed the visible light
profile during mode transition in detail in order to
understand the mechanism of the transition.

2. Experimental Setup

The experimental setup is shown in Fig. 1, which is
similar to thatin the reference{2], in which three discharge
modes were reported. The discharge tube was a glass
sphere of 13 ¢m in diameter, filled with argon gas of 133
Pa. The plasma was obtained by a 13.56 MHz rf power
which was fedby one turn coil wound around the tube on
its equatorial plane. The continuous rf powerup to 500 W
was supplied to the coil via a matching network in an
unbalanced way through the coaxial cable of which the
outer conductor was grounded. The applied 1f power was
slowly varied and the matching network was always tuned
manually to keep the voltage standing wave ratio (SWR)
minimum (<1.5). This is different with the experiment
using a short pulse repetitive if power source [3], where
mode transitions occurred in each short pulse without
quick tuning. Also in our experiment, however, the SWR
transiently became a large value more than 3 just affer
mode transition since the tuning was unable to follow the
discontinuous variations so quickly. The visible light
profiles before, during and affer mode transition were
monitored by a CCD camera and digitized.

3. Experimental Result

The whole plasma behavior is described in detail in the
reference [2]. The plasma was obtained with an rfpower of
22 W. The intensity of visible light gradually increased
with increasing the ifpower up to 300 W. The most bright
part was localized near the non-grounded feeding point and
extended to the region near a semicircle of the non-
grounded side ofthe coil. The mode transition occurred at
300 W. The connected rf power decreased to 200 W after
tuning but the brightness of the visible light increased by
about an order of magnitude compared with that just before
transition. Further increase of the rf power up to 400 W

gave a brighter visible light but no essential change.
When the if power was decreased, the inverse mode
transition occurred at 100 W, which decreased to 30 W
after tuning. The discharge after the inverse mode
transition was similar to the initial discharge but localized
more than before. The matching condition was also
different so that the latter discharge should be said in the
“third” stage, not back in the initial stage [2]. The
discharge disappeared at 10 W.

Temporal variation of the visible light profile during the

first mode transition is shown in Fig. 2. The coaxial cable

is connected to the lefi-hand side of the figure. Four’
profiles corresponding to different timings are shown in

this figure; (a) just beforetransition, (b)just aftertransition

but beforetuning, (c) aftertransition and during tuning and

(d) after transition and after tuning. Note that profile (a)

was taken at a different experimental sequence with

different camera iris so that the absolute light intensity

cannot be compared with the others. The profile was still

not axi-symmetric but localized to the other side of the
feeding point just after transition (b). The profile became
axi-symmetric during and after tuning (c and d). As the
tuning proceeded, the bright region came close to the glass

wall as well as the total light intensity increased. Itis clear

that the plasma behavior strongly depended on the tuning

for reducing the SWR. N

A periodic profile in azimuthal direction sometimes
appeared transiently just before the profile (b) was
established. The reproducibility of the appearance of the
periodic profilewaslow. Inameasured example, the

Coaxial Cable :
(8D:2V)  Glass Tube CCD

Camera
(130 mg

Oscillator / 'Matchi
ng
13.56 MHz Network

=500 W

/

Cage for Electro-
magnetic Shielding

Stage (Acrylic Resin) (800wx 600hx600d)

Fig. 1 Experimental setup.
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Fig. 2 Visible light profiles during mode
transition; (a) just before transition, (b) just
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transition and during tuning and (d) after
transition and after tuning.
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phenomenon was observed only in one frame of the video
signal (1/30 s for NTSC). The periodicity quickly
changed from 6 to 4. Similar but steady-state phenomenon
was reported in the reference [4], where the periodicity was
discussed in connection with striations generally known
in dc electric discharges. It is not clear whether the
phenomenon in our experiment is of the same type ornot.

4. Discussion

The measured profiles before, during and after the mode
transition suggest that the mode transition is not the
transition ffom an electrostatically-coupled discharge (E-
discharge) to an inductively-coupled discharge (H-
discharge). This comes fiom the fact that the plasma
should be axi-symmetric ifthe dischargeis coupled to the

.coil antenna completely inductively. The mode transition

in this experiment should be the transition fom an E-
discharge (or an E-dominated discharge) to another E-
discharge (or another E-dominated discharge). The latter
E-discharge (or E-dominated discharge) would change to
an H-discharge (or H-dominated discharge) as the tuning
proceeded. The mode transition in this experiment was
probably caused by a discontinuity in the coupling
condition between the coil and the discharge due to a
certain nonlinear response ofthe plasma on the production
processitself. A circuit calculationincluding the nonlinear
response of the plasma would be required for the exact
description.

5. Summary

We observed the visible light profile dunng mode

transition and obtained the following results.

(1)The plasma behavior strongly depended on the tuning
for reducing the SWR.

(2)A periodic profile in azimuthal direction sometimes
appeared transiently just before the mode transition
completed.

[1]1D. O. Wharmby: IEE Proceedings-A, 140 (1993)465
{2] M. Kawaguchi, M. Matsuoka and M. Yoshida:
“Observation of Mode Transition in an hf Discharge
Plasma Sphere”, presented at 1996 Intemational
Conference on Plasma Physics, Nagoya, Sept. 1996

[3] T. Takamoto, T. Mukoyama and H. Nagahama, J. 1.
E. E. Jpn, 91 (1971) 173

[4]1J. A. Stittsworth: IEEE Trans. Plasma Sci., 24 (1996)
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ROLE OF ELECTROMAGNETIC
WAVES
IN ECR PLASMA UNIFORMITY

Yoko UEDA and Yoshinobu KAWAI

Interdisciplinary Graduate School of Engineering
Sciences, :
Kyushu University, Kasuga, Fukuoka 816, Japan

1. Introduction

Electron cyclotron resonance (ECR) plasma
sources are widely used in the experiments or dry
etching, plasma deposition and plasma assisted
chemical vapor deposition (CVD). A significant
advantage of ECR plasma sources is the high electron
densities which can be achieved at low gas pressures.
As wafers with large diameter like 200~300 mm and
decreasing devices and features in size are required, it
becomes increasingly important that the etch rate be
uniform over the surface of a wafer in order to prevent
charge-up damage or minimize the overetch. Hence,
the production of a large diameter uniform ECR
plasma has become one of the most important subjects
in plasma processing. ECR plasma sources are
fundamentally different from the conventional parallel
plate or reactive ion etching configurations, in that
ECR plasmas are sustained by electromagnetic waves.
Furthermore, the behavior of electromagnetic waves in
the ECR plasmas is determined by the plasma they
support. This results in a highly nonlinear coupling of
the waves to the plasma , with attendant problems in
such areas as tuning and plasma uniformity.

It is well known that the uniformity of ECR

plasmas depends on the experimental condition, such -

as incident microwave power, gas pressure and
magnetic field configuration, that is, the radial profile
of the ion saturation current density, Ij;, changes the
shape like concave, convex, uniform or wavy. The
dependence of the radial profile of Ij; on the gas
pressure was reported by Gottscho et al[1]. Gorbatkin
et al[2] showed the relation between the ECR plasma
uniformity and the electron density jump. As for the
effect of the magnetic field configuration on the plasma
uniformity, it was reported[3] that the magnetic field
lines should be set to be straight from ECR point to the
periphery of the wafer.

As mention above, it was reported the uniform
ECR plasmas with small diameter, where the electron
density is in the range from 5X 10 52 X lO”cr_n'z.
Recently, we could achieve the very uniform large
diameter ECR plasma, where uniformity was within
3% over 200 mm in diameter[4]. However, the
mechanism of the uniformity of ECR plasma has not
been clear yet. As one of the reasons, the complicated
effect of electromagnetic waves propagation on the
plasma uniformity could be proposed. Hence, to
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understand the behavior of the electromagnetic waves
in the ECR plasmas is indispensable for the control of
the radial profile of electron densities. However, there
are few reports on the propagation or absorption of
electromagnetic waves in ECR plasmas with respect to
plasma uniformity. In this paper, we reports the
experiments on the plasma uniformity and
electromagnetic wave propagation changing on input
microwave power. Furthermore, the effects of the
electromagnetic  waves,  specifically,  ordinary
waves(O-mode) or extraordinary waves(X-mode) in
the plasma on the plasma uniformity is discussed.

2.Experimental apparatus

A detailed schematic diagram of the experimental
apparatus was described in Ref4. The vacuum
chamber was made of stainless steel with an inner
diameter of 290 mm and a length of 1200 mm. The
magnetic coil assembly consisted of six coils; four to
make a uniform magnetic field, and two to form the
magnetic mirror, and control the current of the mirror.
The frequency of the microwaves is 2.45 GHz and the

" microwave power could be varied up to 5kW. The used

gas was He and the pressure was 0.5~5 X 107 Torr.
The plasma parameters were measured with the
movable Langmuir probes. The radial profiles of
electric fields of electromagnetic waves were measured
with a movable loop or dipole antenna with a crystal
diode. The strength and wave pattern were measured
by a crystal diode and interferometer, respectively. The
amplitudes of wave patterns were given with arbitrary
units because an uncalibrated loop antenna was used.

3. Results and Discussion

The dependence of the radial profile of the ion
saturation current density on the input microwave
power was in the following: The profile of lis changed
as convex, wavy, concave, uniform, and convex with
changing the input microwave power.[4] In order to
investigate this reason, the radial profile of
electromagnetic waves was measured. Figure 2 shows
radially propagating wave patterns observed by the
interferometric  method{4] for different input
microwave powers, P, In the case of Pin=0.6kW, as
seen from Fig.1, two waves with long and short wave
length are excited, where solid lines of I - 4 mean wave
length of Pj; 0.6kW and 1kW, and half-wave length of
Pin 1.5kW and 2kW, respectively. The wave length
increased as the input microwave power was increased.
The mode of these waves was confirmed to be O-mode
as shown in Fig.2. With increasing the electron density,
the wave number decreases, and becomes 0 at the
cutoff.

Figure 3 shows a wave pattern and the output of
a crystal diode. In the case, I shaped as shown in
Fig.4. From Figs. 3 and 4, the profile of Iis was sure to
be influenced by the waves propagating radially.

,  However, the profile does not always correspond to the.
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radial profile of output of a crystal diode. In the case
where electromagnetic waves remained strongly, the

inserting antenna may disturb the profile of
electromagnetic waves, which may be taken into
consideration. Thus, the profile of the observed
_uniform plasma of the electron density, 10'em™ is
seems to be influenced by the remained
electromagnetic waves such as X-mode. These waves
in the plasma were found to disappear under the
conditions that the electron density was higher than 2
X 10"em™. In this condition, only whistler waves
were found to propagate before the ECR position, so
‘focusing of whistler waves is supposed to make the
radial profile peaking. The critical density where the
waves of X-mode disappear changes according to the
magnetic field configurations. A uniform ECR plasma
of the high electron density around 10'%cm™ was
already obtained at the incident power of 2kW in this
experiment. In order to obtain such a ECR plasma
stably, it is very important to understand the behavior
of whistler waves before a ECR position. Recently, the
ray tracing calculation in a plasma or 2D model for
ECR plasma production have been proposed[6,7]. It is
- future work to measure the propagation of whistler
waves in two dimension with changing external
conditions. '
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Together with the electron impact ionization, the
associative ionization and the electron detachment play
an important role in the balance of charge particles in
weakly ionized microwave plasmas [1,2]. One can
expect that the accumulation of negative ions in
discharges initiated in oxygen or water vapour can lead
to the rapid growth of the electron density. For
discharges in oxygen, the main processes are described
by the following reactions:

02+e-)02++2e (1)
02+e—>0‘+0 (2)
O+0->0;,+e 3)
0,+e—>20+e O]

the dissociative attachment (2) plays a dominant role at
the first stage of the discharge, when the concentrations
both of negative ions and oxygen atoms are low. As
negative ions and atoms are accumulated, the
dissociative detachment (3) becomes important (in
particular, after the switching-off of the microwave
pulse). For a pressure in the range 10 - 20 torr the
discharge in these gases is a breakdown wave in
character (see, for example, [3, 4]); in the case of
weakly converging beams, the effect of ionization-field
instabilities leading to the plasma stratification and
increase in the electron density up to:or even above the
critical value is reduced. Therefore, in such discharges

the role of the kinetic processes can manifest itself most

clearly.

The experiments were conducted with a gyrotron
radiation with a wavelength of 8 mm and a power of
500kW. A Gaussian beam was focused inside the
vacuum chamber with a polystyrene lens; its radius in
the focal plane was ar = 1.8 cm, and the caustic length
was lz= kag” = 25 cm. In the experiments, the working-
gas pressure was varied within the range 10 - 20 torr;
the microwave pulse duration could be also varied.
Characteristic of these experiments is that the field
amplitude (E = 6 kV/cm) was much greater than the
threshold one; consequently, the gas breakdown
occurred at the leading edge of the microwave pulse.
The plasma density was measured from the phase shift
by using the interferometer with a wave length of 2
mm. The space resolution was lcm. The diagnostic

beam intersected the caustic of the main beam at a
distance of 5cm from the caustic center towards the
Iens. The time evolution of the electron density is seen
in Fig. 1b which shows the oscilloscope traces of the
interferometer phase detector signal; Fig. 1a shows the
signal from the microwave detector measured the
radiation passed through the discharge. As is seen, the
electron density increases sharply and reaches its
maximum at-the leading edge of the gyrotron pulse
(1ups); then, the density decreases smoothly during the
pulse. After the switching-off of the microwave pulse,
the density begins to grow, and the second maximum is
usually twice as large as the first one. It should be
noted that, if the duration of the microwave pulse is less
than 3ps, then the second maximum isn't observed.

—,/"“*\\ O; p = 10 Terr
a

0 2 4 6 81012 t, us

Fig.1. Oscilloscope traces of the signals (a) of
microwave detector at the backside wall of the
vacuum chamber and (b) the phase shift measured by
interferometer.

The results similar to those obtained in the discharge in
oxygen were observed also by using the air, water
vapour as well as water vapour - nitrogen and water
vapour - oXygen mixtures as a working gas.

For the discharge in oxygen the numerical simulation
was performed for conditions similar to the
experimental conditions (Fig. 2) by using the kinetic
model [5], in which the vibrational kinetics of oxygen
molecules was incorporated. The calculations show that
the increase in the electron density after the switching-
off of the microwave power is related to the electron
detachment, since at this stage of the discharge, the

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




I-139

dissociative attachment, which occurred in the high
electric field, is replaced by the weak three-particle
attachment.

This work was supported by the Russian Foundation for
Basic Research, project no. 96-02-16162a.
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Fig.2. Calculation of the discharge kinetics in oxygen.
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I. Introduction

A periodic regime (with a period on the time scale of
about 1 s) has been revealed lately for the ECRIS
(Elecron  Cyclotron  Resonance lon  Source)
Quadrumafios in Grenoble operated with pure
krypton[1]; this regime was put into evidence by four
types of signals: diamagnetism, bremsstrahlung,
electron and ion end-loss currents. The appearance of
this regime has been shown to limit the currents of
highly charged ions produced. In order to provide further
information on this phenomenon, Quadrumafios has
been run very recently with other rare gases, again at 18
GHz, for the radio-frequency power Prf = 100-1500 W
and the gas injection pressure Py = 0.5x107-9x107
mbar. We particularly investigate the borderline which
corresponds to the appearance of this periodic regime in
the Prfpiyj plane, more precisely, with increasing
heating powers and decreasing injection pressures.

II. Results obtained for He, Ne, Ar and Xe,
and comparison with Kr.

When working with rare gases of increasing Z, only
the He and Ne plasmas remain stable under the working
conditions given in the introduction.

Ar is the first noble gas for which the periodic
regime sets in within the range of our experimental
working conditions. Figure 1 shows for Ar and Xe the
borderline below which the plasma is stable, and

compares it with the borderline previously obtained for
Kr.

The comments made in [1] for the Kr border and ionic
currents are qualitatively valid for the present Ar case.
The most remarkable fact is that the linear section of
the border of Ar overlaps pretty well with the linear
section previously observed for Kr. The empirical law

for the limit power Pr{liM) at which the periodic
regime sets in is : Prf(um) =a+ b pjpj withb = 310 +
10, in both cases, in units of W and 10”mbar
respectively. We recall that for Kr the spare data points

relative to the periodic regime cmpmcally lead to a
period proportional to P/ (pmJ)

< s00p
<t
a Ar
% Kr
E Periodic regime
o
£
©
-]
L
1000 [
o stable regime
° L L ) :
1] 2 4 [

8
gas injection pressure p“(10"’ mbar)

Fig. 1 The border between the domains of the periodic
and stable regimes is indicated for Quadrumafios
operated with three rare gases of increasing Z.

Triangles: Argon

Squares: Krypton

Circles: Xenon. The empty circles correspond to an
upwards investigation (increasing the pressure and then
the power until the switch to the periodic behavior is
achieved), whereas the full circles correspond to a careful
downwards mapping (decreasing Py and increasing Prf ).

For Xe, the longest linear segment observed for the
borderline lies between 3x10° up to 9x10° mbar, and
corresponds to a different proportionality factor b = 75
+ 5. When carefully investigating the borderline down
from large pressures for Xe, the descent at the kink is
smooth while the ascent is sudden and steep. At the
lowest point, the period has become as high as 10 s.
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II1. Concluding remarks

These results, obtained only in January 1997, are
too recent to permit conclusions about the causes of the
oscillations documented in ref.[1], but they are very
useful for beginning a discussion. We have also just
been aware that similar types of periodic regimes have
been noticed in passing in other ECRIS sources around
the world.

The present study finally offers a new interpretation
of the gas-mixing strategy which is not inconsistent
with the former interpretations which understand it as
increasing the electron densities and/or the potential dip,
decreasing the temperature of the heavier ions, etc [2-6).
We recall that this well known strategy consists in
adding at the injection a gas moderately lighter than the
elément whose highly-charged ions are desired. Since
the lighter elements lead to a border which lies higher in
the Prf-pip; plane, the addition of the lighter adjuvant
shifts the borderline to a more favorable location, and
thereby allows for the production of larger currents.
This was illustrated in ref.[1] for the production of Kr™*
currents increased by the addition of He.

Because of the smooth shape and long period of the
oscillations observed in Quadrumafios (see Fig. 1 of
ref.1], we tend not to ascribe the periodic phenomenon
to instabilities, though whistler microinstabilities such
in [7] have indeed been observed in our case and various
loss-cone instabilities probably occur (we have in mind

a loss cone instability which could grow only if the -

plasma size is above a few times the wavelength
involved, and that would indeed favor the appearance of
instabilities for the heavier elements). However, the fact
that the border consists partly of stretches with a linear
dependence of the limit power on the injection pressure
suggests more a fluid-physics origin or sputtering by
the wall. It is also possible that the sort of hysteresis
illustrated in Fig.1 for Xe corresponds to different
modes of the repartition of the electric fields in the
cavity when the plasma is developing.

As a summary, these recent results confirm that the
periodic regime is of a great practical importance, as its
appearance limits the currents of highly charged ions
produced. The striking features of this periodic regime
are:

(i) very low frequency (making, so to speak, the

. ECRIS plasma beat like a human heart)

(ii) perfect regularity,

(iii)the fact that the borderline of its appearance in the
Prf-pinj plane is at times a linear segment but can
also exhibit kinks.

Reasons for all these features remain an open plasma

physics problem of great interest.
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1. INTRODUCTION
We are developing an effective radio-frequency (RF) heating method for a low-temperature plasma without a
magnetic field. Stochastic heating is one RF heating mechanisms [1], however, its energy conversion efficiency from

the input RF power to the plasma temperature is low. In this work, we report a more effective heating method using
plasma-sheath resonance.

2. EXPERIMENT

The experimental setup is shown in Fig. 1. In order to get the low temperature plasma, we used a gadolinium
(Gd) plasma which was generated by electron impact when Gd in the crucible was vaporized by electron beam heating
(2]. Since this plasma was generated near the Gd surface,

Quartz crystal
the electron temperature decreases with collisions thickness monitor / Electrode
between the Gd atom and the electron when the Gd (Height: 17cm
atomic density is high enough. The generated plasma . [\Gap: Scm
expands and flows to the upper test section, which Single H \
consists of a pair of parallel plate electrodes and the RF Probe < 3 ’
circuit. There was no magnetic field in the area of the ‘ Impedance
electrodes. In this area, the electron density and electron z matching
temperature of the initial plasma were 1 x 10'° m™ and ) system
about 0.5 eV, respectively, while the atomic density was ‘
1 x 10'"® m™. The ionization ratio, therefore, was about 1 1 ﬁ DC source '
%. Moreover, the drift velocity of the plasma was about ' |
900 m/s. -1 O
. = | Plasma ) =

The electrode height and the gap between (V%OT) 1
electrodes were set at 17 cm and 5 cm, respectively. In {
Fig. 1, z is defined as the distance from the bottom of the
electrode. The RF power was applied to one of the Electron | Electron
electrodes and RF frequency was set at 13 MHz or 150 gun
MHz. A negative DC bias was applied to the same beam _} < A
electrode in order to form the ion sheath in front of it. T, r"—)
The sheath thickness was controlled by changing the —Gd
amplitude of the DC bias. It also increases with the =d .
height because the plasma density decreases due to - Crucible
extraction of ions to the electrode. The other electrode .
was grounded. The electron density and electron Fig. 1 Experimental setup
temperature were measured by a single probe between '
the electrodes. The atomic flux was measured by a r y v Y T
quartz crystal thickness monitor. 6L é i

sl F--O-: 150MHz | |

3. RESULTS AND DISCUSSION . / O0—: 13MHz
3.1 Experimental results %\ /

The RF power dependence of the electron & 3 §
temperature is shown in Fig. 2. While the electron 2 -8 .
temperature (T.) for 13 MHz increased slightly, that for
150 MHz increased sharply. When T, was more than 3 = 1 T
eV, light from plasma discharge was observed between 0 , , . . N
the electrodes. The energy conversion ratio from the 0 1 2 3 4 5 6
input RF energy to the plasma electron energy was RF power (W)
estimated and was about 40 % when RF power was 1 W Fig. 2 RF power dependence of the electron temperature
for 150 MHz. On the other hand, it was about 2 % when (DC bias: -100V)
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RF power was 5.5 W for 13 MHz. The energy conversion
efficiency was higher for the 150 MHz case.

3.2 Heating mechanism

In order to clarify the heating mechanism for 150
MHz, we studied the possibility of heating due to the plasma-
sheath resonance. The angular frequency of the plasma-
sheath resonance () is described as follows [3, 4],

wﬂgwms-m @

where s, d, @, and n are the sheath thickness, the gap
between the electrodes, the electron plasma angular frequency,
and the electron density, respectively. Therefore, w, depends
on s and n. Then, we investigated whether resonance would
occur for the above experimental conditions. We estimated n
and s for z, based on the theory of the Child-Langmuir sheath
[5]. The results, when the initial electron temperatures were
0.5 and 5 eV, are shown in Fig. 3. In Fig. 3 (a), ng is the
initial electron density. When z increased, n decreased and s
increased because the ions and the electrons in the plasma
were extracted to the electrode by the DC bias. Although the
resonance frequency (f;) decreased with z, we found that the
resonance position for f; = 150 MHz was in the electrode area
for T. = 0.5 eV. Even if T. increased to 5.0 eV, the
resonance position remained in the electrode area. On the
other hand, the resonance position for f; = 13 MHz was not in
the electrode area for T, = 0.5 eV.

Next, we simulated whether T, rose in the above
resonance condition, using a one-dimensional plasma particle
simulation code, XPDP] [6]. The initial density and the
electron temperature were set at 2 x 10" m™ and 0.5 eV,
respectively, which were values at z = 0.1 m in Fig. 3. The
applied RF frequency was 150 MHz and its voltage (V) was
changed. Figure 4 shows the time evolution of T.. We found
that T, increased steeply at 4 us when Vs = 10 V. Sinces at4
us was about 4 mm, the resonance condition in Fig. 3 was
satisfied.

In summary, we confirmed that the plasma was
heated efficiently by RF heating based on the plasma- sheath
resonance.
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Measurement of Interaction between Plasma-Loaded Slow Wave Structure
and High-Power Microwaves

Yuichi Naito, Atsushi Shiozaki, Hitoshi Onose, Nobukatsu Hangai and Kazuo Minami

Graduate School of Science and Technology, Niigata University, Niigata 950-21, Japan

1.Introduction

In recent years, high power backward wave oscillators
(BWO’s) utilizing intense relativistic electron beams
have been considered to be an innovative approach for
producing high-power microwaves.[1,2} Experiments [3-
5] on plasma-filed BWO’s have demonstrated the
efficiencies up to 40%,which are of the same order as
those obtained in conventional moderate power devices.
The present work is a basic study of plasma microwave
interaction in a slow wave structure (SWS) such as those
used in plasma-filied BWO’s. We have carried out an
experiment to detect the density modulation in a plasma-
filled corrugated metal wall waveguide caused by
externally injected moderately high power microwaves.
We describe the experimental results on “protuberance in
plasma pressure” in a corrugated wall plasma waveguide.

2.Experimental Setup

The discharge plasma system is shown in Fig. 1. A
weakly ionized steady-state plasma is producéd by a gas
discharge between a hot cathode of diameter 10 cm and a
grounded corrugated wall SWS (anode). The latter is
made of cast aluminum and has an axial length of 38.4
cm (12 periods). The inner wall radius of the SWS
changes as R(z)=1.4cos(2nz/3.2)+5.0 (cm).

MOVABLE
SHORT

14-—‘ 384cm —P ’1

CATHODE

QUARTZ
WINDOW

He GAS
:ﬂ THROUGH
NEEDLE

1 VALVE

e PLASMA
COUPLER Dﬂ[}’
HEATER
22;‘* = :I:] 16V,80A
PYREX GLASS
INTEG:
RATOR + ANODE

MAGNETRON To PLJMP (TMaWAVEGUIDE)

2.856GHz,11s
Fig.1. Discharge plasma system

The plasma is produced in pure helium gas of 50~100
mTorr using a stabilized direct current source (10~30V)

up to /=30A. No external magnetic field is applied to the )

plasma, and no energetic electron beams which may
result in BWO are present. A small size Langmuir probe

is inserted along the central axis of corrugated waveguide
through a longitudinal slot cut to allow axial motion. No
significant effects on the plasma ‘parameters due to
the corrugated wall are observed in the case without
incident microwaves.

Microwave pulses in TM,; mode of frequency 2.856
GHz, power P less than 60kW and duration 1 ps from a
pulse magnetron are repeatedly injected through
doorknob coupler (mode launcher) located at the left side
of the apparatus shown in Fig. 1. The microwaves are
completely reflected by the nonuniform plasma in the
corrugated wall SWS. In Fig. 1, R(z) is designed so that
the propagating 2.856 GHz microwaves have the nature
of slow waves when no plasma is present near the mode
launcher. Here, the term slow wave means that the phase
velocity of the wave is less than the speed of light in
vacuum. The refractive index in the axial direction is
greater than unity, and the microwaves constitute a
surface wave in the sense that E, near the axis is
approximately expressed in the form of a modified
Bessel function 7,(r).

3.Experimental results and discussions.

In Fig. 2, The ion saturation current (ISC) versus probe
positions on the center axis is shown for the discharge
current of 12A. Here, the zero probe position is taken as
the position of the doorknob coupler in Fig. 1. The
vertical axis shows the ISC of the probe with a bias
voltage of -30V. The delay time 7 is set at 0.4us after the
cessation of the microwave pulse. The dashed horizontal
lines indicate the zero ISC levels. In Fig. 2, it is noted
that conventional cavitons [6] (local density decrease at
the critical surface w=w,) are generated at various
incident powers. Here, ® and o, are, respectively, the
microwave angular frequency and local plasma frequency.
An increase(decrease) in ISC is assumed to indicate a
local increase(decrease) in plasma density. As far as
cavitons are concerned, the results for the corrugated
wall plasma waveguide are the same as those for smooth
cylindrical plasma waveguides. [7,8]

For large incident microwave powers, a number of

. protuberances(rises) in ISC are generated as well as

caviton. The protuberances are always located at the
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positions which are at R(z) minimum in the underdense
region(w>w,). Such protuberances in ISC have not been
observed in conventional smooth cylindrical plasma
waveguides. [8]

T T T T

He 52mTort RF Power P(KW)

CURRENT 12A

CAVITON

ION SATURATION CURRENT (ARB.UNIT)

20 25 30 35
PROBE POSITION (cm) -

Fig2. ISC wvs. axial position. The profile of the
corrugated waveguide is schematically shown at the
bottom. The dashed horizontal line shows the zero level.

T T

He 52mTorr
CURRENT 16A

RF POWER P(kw)

DETECTED RF POWER (ARB.UNIT) |E|*

20 25 30 35
PROBE POSITION (cm)

Fig. 3. The detected RF standing waves |»Ez|2 vs. position
of wire antenna on the waveguide axis.
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The ponderomotive force of standing waves formed by
incident and reflected microwaves can result in a caviton,
i.e., a local decrease in plasma density. We need to
clarify the relationship between RF axial electric field
|E* and the measured result of ISC shown in Fig. 2. In
Fig. 3, the |E, versus axial position is shown for /=16 A
and for various values of injected microwave power. The
Langmuir probe is replaced by an RF thin wire antenna
2mm long along the center axis, and the RF signals are
observed using a crystal detector. The dashed horizontal
line is the zero level of the detected RF fields. It is
confirmed experimentally that there are no E, components
on the axis, because the axisymmetric TM,, mode is
excited in the plasma waveguide.

The maxima of RF standing waves are observed at the
positions where R(z) is minimum, and the |E,]> maxima
are never observed at R(z) maxima. Similar results are
observed repeatedly under various conditions

In order to understand the physical mechanism of
observed ISC  protuberances, Langmuir probe
characteristics at various positions are measured. In these
results, the electron energy distribution is not exactly
Maxwellian after the microwave incidence. Nevertheless,
it is concluded that electron temperature is raised
uniformly by incident microwaves, whereas the plasma
density is depressed nonuniformly in axial positions.
Decrease at R(z) minimum is less than those at other
positions. Resultantly, ISC protuberances are observed at
particular position: R(z) minima. We discussed some
possibilities to explain the physical reason of the ISC
protuberances.
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A NEW APPROACH TO RF DISCHARGE MODELLING AND THE EVALUATION
'OF RESULTING DISCHARGE PROPERTIES

Frank Praessler, Volker Hoffmann, Gunnar Suchaneck', Klaus Wetzig,
Institute of Solid State and Materials Research Dresden, P. O. B. 27 00 16, D-01171 Dresden, Germany
! Dresden University of Technology, IHM, Mommsenstrafe 13, D-01062 Dresden, Germany

Introduction

Glow Discharge-Optical Emission Spectroscopy is a
rapid and very suitable quantitative in-depth profile
technique for the elemental analysis of laterally
homogeneous samples, layers and multilayer
systems. The surface of solid and flat samples is
sputtered in a low pressure glow discharge
(p=100.. 1000 Pa) at a high ion current density
(j =~ 200 mA/cm®), where the sample is arranged as
the cathode opposite to an anode tube (inner
@=2. 8mm) in a distance of d~0.25 mm. The
sputtered species are excited electronically in the
plasma and the deexcitation processes can be used to
detect intensities of certain spectral emission lines as
a measure of the sample constituents if their
concentration is larger than about 10 ppm.

Today, GD-OES is well established in analytical
laboratories using the direct current mode (dc),
because the measured emission line intensity-time
profiles can reliably be converted into concentration-
depth profiles of the sample investigated. In the
radio frequency (rf) mode, which extends the field of
analyzed samples to nonconductive materials, this
quantification is more complicated because the
unequivocal numerical description ‘of the emission
yields of spectral lines for changing discharge
parameters requires at least two electrical parameters
(voltage / current / power) of the discharge. For
nonconducting materials at-the backside of the
sample, it is only possible to measure directly the
power dissipated in the discharge. Therefore, the rf
voltage at the nonconducting sample surface must be
evaluated using, for instance, an equivalent electrical
circuit whose analytical features for GD-OES have
been introduced elsewhere [1].

The aim of this presentation is to introduce a new
electrical engineering approach to rf discharge
modelling and to evaluate the resulting physical
properties of the equivalent circuit components.

Experimental

The discharge volume and the cathode area are much
smaller compared to usual plasma processing
systems. That results in a relatively high ohmic
equivalent resistance of the glow discharge of more
than 10 kO and makes the use of commercial
matching systems difficult. Using as an rf power
supply a free-running generator (dashed rectangle 1
in Fig. 1), it is not necessary to match the discharge
impedance to S0 Q and this provides a sinusoidal rf
voltage output of 200 to 1500 V at a frequency of
4.4 MHz [2].

3 |

DR e 5~

- ) le-

Il i |4C”
ool s

U ) ()L

Fig. 1: Circuit diagram including rf generator (1),
sample (2), discharge source (3), glow dis-
charge (4) and the electrical measurements.

Voltage and ‘current within the rf period T and the
selfbias voltage are measured directly at the backside
of the (conducting) sample (2) using probes
connected to a digitizing oscilloscope (Tektronix
11201). The capacities of the source (3) optimized in
this connection [2] represent those inside (Cg;) and
outside (Csp) the feedthrough. The sum of both
capacities amounts to less than 15 pF. The
arrangement of the electrodes (an anode tube very
close to the cathode plate) result§ in an asymmetrical
rf discharge (4) which in afirst approximation can be
represented by a parallel circuit of a nonlinear
resistance and a nonlinear capacity. .

Results and Discussion
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Fig. 2: Rf current measured for increased pressure
values (550, 660 .. 990 Pa T ) at about 650 V.
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Because of the rf current nonlinearity (Fig. 2
measured at an Al-sample), it is straight forward to
assume a nonlinear glow discharge impedance which
is parallel to the stray capacities of the glow
discharge. This impedance can be completely
described by a parallel circuit of a capacity, an
inductivity and an ohmic resistance, all of them vary
within the rf period. Because the linear stray
capacities can be measured separately, at Jeast two
other assumptions are necessary to calculate all

components of the glow discharge [3]:

1. The linear reactive components of the discharge
source and the discharge itself can be separated
from the measured rf current using the measured
trigger time of the rf voltage. The resulting linear
current is always slightly higher than the
measured linear cuwrrent through the stray
capacities, which means that, it is not necessary
to include an inductivity to describe the
discharge. Furthermore, the difference between rf
and linear reactive current represents the
nonlinear components of the rf current through
the discharge.

2. The resulting nonlinear current through the
discharge can be separated into its active and
reactive parts by assuming that in the discharge
exist always enough charged particles. Therefore
it can be concluded, that the active and the
reactive currents are symmetrically to the time
scale at T/4 and T, respectively.

The calculated resistive current curves (Fig. 3) show

typical u-i-characteristics of rf discharges and

increase with pressure as expected.

< 250+
£

voltage, V

-2](200. -1500 . -1900 ) 500

Fig. 3: Nonlinear resistive current through the
discharge calculated from the rf current
(Fig. 2) for different pressure values.

The calculated nonlinear reactive current through the
discharge is in a first approximation due to the
varying thickness of rf sheaths. Therefore, the
varying sheath thickness during the rf period (Fig. 4)
simply can be estimated by assuming rf sheaths in
form of a plate capacity with the inner anode area
and a dielectric number equal to one. The results are

in excellent agreement with published work [4, 5],
but in our calculation only electrical engineering
arguments are used without any physical modelling.
Despite that, the average value of sheath thickness
aggress with measured values [6] and the influence
of both, cathodic (1) and anodic (2) dark space, can
clearly be seen.
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Fig. 4: Varying thickness of rf sheaths calculated of
the rf current (Fig. 2). The oscillations in area
1 and 2 are due to the cathodic and anodic
dark space, respectively.

Additionally, in the presentation we will discuss the
possibilities to separate the discharge in a series
circuit of cathodic dark space, plasma and anodic
dark space using the discharge asymmetry. The
physical properties of the equivalent electrical circuit
components will be calculated according to the
probe theory and compared to experimental data
measured in the rf and dc mode.

[11 F. PrdBler, V. Hoffmann, C. Tischner, K.
Wetzig: O7-4 Lecture at the European Winter
Conference on Plasma Spectrochemistry,
January 12-17, (1997) in Gent (Belgium)

[2] V. Hoffmann, H.-J. Uhlemann, F. Prifiler, K.
Wetzig, D. Birus: Fresen. J. Anal. Chem., 355,
7-8 (1996) 826

[3] F. PraBler: Thesis, Dresden University of
Technology, Germany (1996) submitted

[4] M.Klick: J. Appl. Phys., 79, 7 (1996) 3445

[5] C. Beneking: J. Appl. Phys., 68 (1990) 4461

[6] I. R. Videnovic, N. Konjevic, M.M. Kuraica.
Spectrochim. Acta, 51B (1996) 1707

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




1-148

Infrared Absorption Analysis of organosilicon plasmas
in a Multipolar Microwave Plasma Reactor

P. Raynaud, C.Marliére, D. Berthomieu, Y. Segui and J. Durand.

GDR 1136 CNRS " Procédés de dépots de couches minces par plasmas organosiliciés”
Laboratoire des plasmas et des Couches Minces - IMN

BP 3229 - 2 rue de la Houssiniére -

The deposits of SiOx films from organosilicon
precursors have been studied since a long time. The
most common precursors being the
Tetraethylorthosilicate (TEOS) and the Hexamethyl-
disiloxane (HMDS) in mixture with the oxygen. The
deposits are most often obtained in radiofrequency (RF)
or microwave plasma reactors. This molecules are
complex, by their structure and their number of atoms.
If the deposits from silane (SiHg4)-oxygen mixture have
been widely studied in the plasma as well as in the solid
phase, it is not the same case with the deposits obtained

from the organosilicons. In particular, very little is -

known on the dissociation of these complex molecules
in the plasma phase as well as on the recombination
~ products or the fragments participating in the
deposition. The standard diagnostics in the gaseous
phase such as the optical emission spectroscopy (OES)
the Mass Spectrometry or the Langmuir probe
measurements do not give access directly to the bonds of
the molecules. We have opted for an analysis by Fourier
Transform Infra-Red (FTIR) spectrometry which permits
the identification of the groups of the molecules and of
the fragments as well as the radicals. An initial study in
a low frequency (LF) plasma [1] permitted to compare
the dissociation of HMDS with that of pure TEOS for
pressures around 50 mTorr. A similar but more recent
study has been made in a microwave reactor at 2.45 GHz
and at a pressure of some mTorr [2]. These studies have
shown a quasi total dissociation of the molecules even
at low powers and the appearance of stable fragments
such as the CH4 or C2H2 and C2H4. However, the
SiOx layers are obtained in organosilicon- oxygen
mixtures and not in pure organosilicon plasma. On the
other hand, the dissociation products of the TEOS and
the HMDS are different and the required powers for the
total dissociation of each are also different.

The work presented here is related to the study
by FTIR in a Microwave Multipolar Plasma (MMP)
excited by a Distributed Electron Cyclotron Resonance
(DECR) of organosilicon monomers, of divers
structures and compositions, pure and in mixture with
oxygen and at different powers. Ten precursors have
been selected, the first one being the HMDS
{O(Si(CH3)3)2] which is the only one to present a
SiOSi structure. Thereafter, we have defined two groups
of precursors from Tetramethylsilane (TMS). The first
group is derived from the TMS {Si(CH3)4] substituting
a methyl (CH3) group by a (OC2Hj5) group each time.
We obtain the trimethylethoxysilane (TMEQOS)
[Si(OC2H5)(CH3)3], the dimethyldiethoxysilane
(DMDEOS) [Si(OC2Hj5)2(CH3)2], the triethoxy-

44322 NANTES cedex 3

methylsilane (TOMS) [Si(OC2H5)3(CH3)], and finally,
the TEOS [Si(OC2Hj5)4). The second group derives
from the TMS by substituting a OCH3 group fora
methyl group. The precursors obtained are the
trimethylmethoxysilane " [Si(CH3)3(OCH3)] the
dimethyldimethoxysilane [Si(CH3)2(0OCH3)2)] that we
do not possess, the methyltrimethoxysilane
[Si(CH3)(OCH3)3] and finally the tetramethoxysilane
(TMOS) [Si(OCH3)4].

The analyses are carried out at a total pressure of 3.2mT
before plasma with the power ranging from 0 to 800
watts. The reactor is a MMP-DECR reactor with 8
antennas and 8 ferrite magnets. The analysis of the gas
and the plasma is made by IR absorption spectrometry,
using a FTIR spectrometer Biorad FTS 60A with a
resolution of 0.5 cm~L. The MCT detector permits an
analysis of the spectrum in the range 7004000 cml
Thé low pressure (3,2 mTorr) at which the dlscharge
takes place 1mposes an increase of the opucal path of
the IR beam in the plasma in order to increase the
detection sensitivity around 1 ppb or 10-3 mTorr. This
is obtained thanks to a White cell in which the beam
traverses the optical path 44 times, i.e, around 40 m. A
spectrum is acquired by doing the average of 64 scans.
The monomer gas and oxygen feeds are separated. The
experimental setup is shown on figure 1.

Figure 1 : Experimental setup
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The analysis of the spectra of precursors in the
gaseous phase can reveal the structural differences.
Indeed, the compounds TEOS of the first group, TMS
and TMOS of the second group, for example, give very
different spectra in the 700-1600 cm-1 range (fig.2).
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Figure 2 : IR spectra of TEOS, TMS and TMOS (gas phase) in the
range 700-1400 cm™! . Pressure = 3,2 mTorr. :

The CO structure present in the TEOS and the TMOS
appears at 1114.8 cm-1 and 1110.1 cm~! respectively
(CO asymmetrical stretching) which is not the case for
the TMS which does not possess any oxygen atom. The
Si04 asymmetrical stretching bond appears at
© 792.9 cm”! for the TEOS [3], whereas for TMOS it
appears at 847.9.cm1 This is due to the environmental
difference around the SiO4 group in the two molecules.
In the TEOS, the oxygen is bonded with C2Hjs while in
TMOS it is only bonded with CH3_ As such, the
vibration appears at a higher wavenumber for the
TMOS. The CH3 bonded to Si produces peaks in the
range 1245-1290 cm-1 for the TMS. SiC bond not
being present in the molecules of TEOS and TMOS, the
above peaks are not detected for them. In this way, each
precursor is well identified.

IR spectral analysis of the plasma phase of pure
organisilicon compounds brings into evidence two

important phenomena : the first is a very big decrease of

the characteristic peaks (Fig.3) of the organosilicon
molecules (SiOSi, CO, SiC or still CH)

—x-SiOSi strech. (1072 cm-1)
~O-CH3 det. (1260 cm-1)

0.4 +{J-CH3 asym. strech (2963 cm-1)
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Figure 3: Absorbance vs. microwave power for different
) absorption peaks of HMDS molecule.
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The second phenomenon is the appearance of the new
peaks related to the compounds such as
CH4,C2H2,C2H4,CO,CO2. The characteristic peaks of
the molecule are no longer detectable beyond 100 watts,
which seems to prove that it has been totally
dissociated. Moreover, the new peaks that appear from
50 watts are no longer detected above 100 watts. These
remarks are valid for the 2 organosilicon groups
analysed as well as for the TMS and the HMDS.
However, it should be noted that the HMDS is
dissociated with more difficuity than the other groups.
This reflects the stronger chemical bonding in HMDS.
The new peaks are characteristic of the organic
molecules and- are detected for all the precursors
dissociated : CH4 (2960-3940 cm™1), CoHo(729 cm-1),
C2Hy (949 cm-1) [4]. On the contrary, free CO is not
detected in either TMS or HMDS plasma, this group
not being present in these molecules. It is detected in all
other organosilicon groups. When the CO bond is
present in the organosilcon molecule, CO and free CO3
are detected in the plasma phase, which is not the case
with TMS and HMDS. A new structure centered at 2125
cm-1 appears only for the HMDS plasma, while a new
PQR structure (1700-1800 cm-1) is detected for all the
groups except HMDS and TMS.

The 50 % oxygen mixture does not produce

significant differences in the plasma phase spectra
compared to the spectra recorded for pure organosilicon
plasma. But now, all the spectra (including HMDS and
TMS) show the characteristic structures of CO and free
CO2 coming essentially from the etching and the
recombinations on the wall. It should also be noted that
in every case there is a very high increase of pressure in
the plasma phase which confirms the very strong
dissociation.
We can conclude that the DECR plasma induces,
therefore, a very strong dissociation of the organosilicon
compounds and the deposit is realized from simple
compounds originating from this dissociation. These
results confirm those obtained by Mass Spectrometry
analysis in the same reactor [5]. This study has revealed
the equivalent organosilicon groups in the plasma phase
in terms of their structures, their dissociation modes and
new species detected.
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Kinetics of F atoms and CF radicals in a pulsed CF4 microwave plasma

W. Schwarzenbach, J. Derouard, N. Sadeghi
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Appearance mass spectrometry has been applied to detect neutral radicals present downstream of a CF4
microwave plasma. In a pulsed discharge, time resolved measurement has allowed to study the kinetics of these
radicals in the afterglow. From the decay rate of their concentration, the sticking coefficient of these species on
different surfaces was determined. The effect of the discharge parameters and of the nature of the surfaces
introduced in the plasma chamber (aluminium, hexatriacontane polymer or silicon) were investigated. The
influence of the UV and/or ions generated by the plasma in the reaction chamber was also investigated.

1. Introduction

CF4 plasmas have a number of applications in
the field of the etching of silicon for the
microelectronics, or of the modification of polymer
surfaces. Due to the complexity of the chemical
processes occuring in the discharge, the knowledge
of the kinetics of the radicals present in the plasma
is essential. In particular, F atoms are considered as
an important reactive agent. However, contrary to
CF and CF2, the observation of F atoms and CF3
radicals cannot be carried out by laser-induced
fluorescence (LIF) [1].

In this work, the appearance mass spectrometry
technique, first presented by Robertson et al [2],
was applied to detect radicals produced by the
plasma, with emphasis on F atoms and CFx
radicals. Their kinetics were studied in the
afterglow of a modulated plasma and related to the
reactivity of the surfaces present in the discharge
chamber.

2. Experimental apparatus

The flowing afterglow reactor used in our
experiments is schematically shown in Fig. 1 and
was presented extensively in a recent paper [3]. The
2.45 GHz microwave plasma was generated (with
power from 15 to 75 W) in a pyrex tube open
downstream to a reaction chamber where a sample
holder can be introduced. A low CF4 flow rate (1.25
to 5 sccm) was used and the pressure was adjusted
between 15 and 100 mTorr by a throttle valve
separating the reactor from a mechanical pump. To
study the influence of the charged particles and the
VUV radiation coming from the plasma on the
surfaces reactivity, a metallic grid can be installed
at the end of the discharge tube. It prevents the
plasma to penetrate into the reaction chamber.

The detection of neutral particles was achieved

by a Hiden HAL-EQP 500 quadrupole mass "

spectrometer. Differentially pumped, it collects the
neutral particles from the reactor chamber via a

150 pum extraction orifice located in front of the
discharge tube. The electron ionization energy was
varied between 10 and 70 eV. For the time-resolved
experiments, the microwave discharge was pulsed
(plasma on 30 ms, off 98 ms) and the counting
pulses provided by the mass spectrometer were
supplied to a multichannel counter [4] to provide
signal acquisition resolved in time.

To study the radicals kinetics in the presence of
different materials, a sample holder can be
introduced into the reaction chamber, in front of the
discharge tube. Experiments were carried out with
samples of bare aluminium, silicon or HTC film
(hexatriacontane CH3-(CH2)34-CH3), a model
molecule for high density polyethylene.

3. Kinetics of the radicalS

In a pulsed plasma, the kinetics of the species
can be observed from the evolution of the mass
spectrometer signal along a modulation period. In
the case of fluorine atoms (m/e = 19) the ionizing
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Hiden Analytical Ltd.
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Mass Spectrometer

Maultichannel
Analyser

Computer
Fig. 1. Schematic view of the experimental set up
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electron energy was set to 27 eV, in order to
maximize the detected signal coming from the
plasma itself (and containing the contribution from
the F atoms) in front of the signal already present
with the discharge "off' and coming from the
dissociative ionization of CF4 molecules in the
ionization chamber of the mass spectrometer [5].
Like Hikosaka ef al/ {6, 7] and Ito et al [8], the
method has also been applied in the case of CFyx
radicals, where the ionizing electron energies were
set close to the ionization potentials, at 18 and 15
eV for CF2 and CF3 respectively. Typical decay
curves for these radicals are shown on Fig. 2.

100 + [ 1T

80+

- ® - CF,, signal

60}

CF,, exp. fit
8- CF,, signal’
wmmee CF,, exp. fit

40 . —t

20 40 60 80
Time (msec)
Plasma OFF

{au)

Plasma ON

Fig. 2 Mass spectrometer signal and corresponding
exponential fit for F, CF2 and CF3 radicals in the
afterglow of a 15 mTorr, 35 W CF4 plasma.

The time variation of the mass spectrometer
signal of the radical X in the 98 msec afterglow can
be described by the expression (plasma off at t = 0):

I = [Xo] ¢ Tt+[A] ¢y
and our interest in the following will be focused on
the decay rate I', which, in the case of Fig. 2, is
equal to 45, 250 and 130 s°! for F, CF2 and CF3
respectively.

In the results presented on Fig. 2 the non-
modulated part [A], whose relative importance
compared to the modulated part [Xo} depends on
experimental conditions, can be attributed to the
dissociative ionization processes occuring in the
ionization chamber of the mass spectrometer, in
addition to the background signal already present
without plasma [5}].
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4. Sticking coefficient of the radicals

In our low pressure conditions, the comparison
between the decay rate I' measured for F atoms and
CF2 and CF3 radicals shows that the gas phase
reactions are negligible in the removal of the
radicals during the afterglow, as well as the
influence of the gas removal by the pumping
system. Consequently the decay rate I is attributed
to the surface reactions. Following the analysis of
Chantry [9]), T can be related to the sticking
coefficient o of the radicals by:

1 _Ap, V2e-0
r Do A o Vih

where the first term represents the diffusion and the
second one the surface reactions.

@

An application of this method to the results
presented in Fig. 2 gives the sticking coefficient
shown in Table 1, which are comparable to previous
published results {6, 7].

Radical s o [%]
F 45 0.32
CF2 250 3.02
CF3 130 1.79

Table 1: Sticking coefficient for F, CF2 and CF3
radicals on the discharge chamber walls of a’
15 mTorr, 35 W CF4 plasma.

Experiments described above are extended to
study the influence (on the kinetics of the radicals
and) on the surface reactivity of the discharge
parameters, of the substrates introduced in the
chamber, and of the UV and/or ions when the
plasma penetrates into the reaction chamber.
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Excitation mechanisms and ion kinetics in a 450 kHz capacitively coupled argon
discharge
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1. Introduction

Low pressure RF plasmas are widely used in the
microelectronics industry for the production of
integrated circuits. External conditions, like pressure,
power, geometry and driving frequency determine the
properties of the plasma and thus its practical use in
various applications. The influence of the applied RF
frequency has been studied by several authors [1-7].
- When the driving frequency is in the order, or lower
than the ion transit frequency across the sheath (~1
MHz), the discharge is then sustained by ionization due
to the secondary electrons from the electrodes.
We applied a 450 kHz RF voltage to a capacitively
coupled parallel plate plasma reactor filled with 158
mTorr argon. Time resolved emission spectroscopy is
used to study the excitation mechanism. The
movement of the ions near the sheath edge is
investigated with Doppler-shifted laser induced
fluorescence (DSLIF) {8]. Langmuir probe and optical
absorption spectroscopy are used to determine the ion

MC

DL PC - "
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| | |
CDP L
|

[
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Figure 1 : Setup of the 450 kHz plasma
reactor :

density and the electron and neutral temperatures. The
experimental results are compared with a 1D fluid
model which includes both bulk and beam electrons.

2. Experimental Setup

The reactor consists of two parallel stainless steel
cylindrical electrodes (E) with radii of 55 mm (see
figure 1). All is surrounded by a cylindrical wall
connected to the grounded electrode. The distance
between the electrodes is 42 mm. Both electrodes
contain slits to allow a laser beam to cross the reactor.
The detection system (L-MC-PM-PS) transforms the
photons from the plasma to TTL pulses. A previously
described pulse counting system, the CDP [9], stores
these pulses with respect to the period of the applied
RF voltage to obtain a time resolved emission or
fluorescence signal.

DSLIF [8] is used to measure the velocity distribution
function (vdf) of argon metastable ions (Ar"). The
laser beam of a cw dye laser (DL) crosses the reactor.
When the wavelength is scanned around the 611.492
nm absorption frequency of the metastable argon ions
(Gepn—> *F,p), the 461 nm (°F,;,—> *Ds),) fluorescence
signal intensity gives the velocity distribution function
of the (Ar") ions.

A Langmuir double probe (LDP) can be inserted into
the reactor. The electron density and temperature are
derived from the analyzed probe characteristics. The
probe can be moved between the electrodes to obtain
the spatial dependence of the parameters. -

A tunable diode laser beam (A=772.4 nm) can cross the
reactor radially. From the Gaussian shaped absorption
profile we obtain the density of the neutral metastable
atoms and the gas temperature.

3. Model

We used a self consistent 1D fluid model to describe
the excitation and transport of the particles in the
discharge. The electric field and particle densities are
derived  simultaneously. We consider 3 kinds of
charged particles (beam and bulk electrons and positive
ions), and argon atoms in the ground, metastable and
excited states. An electron from the beam (fast)
becomes bulk electron (slow) when its energy is lower
than the ionization threshold energy. Our model is
similar to the ome described previously by others
[10,11]. '
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We follow the space-time evolution of two excited
levels of argon (2p,) and (2p,) and compare them with
our experimental emission results. The source term in
the model for the excited atoms arises from the
excitation of ground and metastable states by electrons.
The effect of metastable atoms in ionization is
included in the model following the reaction scheme
given by Tochikubo [12].

4. Results

With the Langmuir double probe, temperatures of the
bulk electrons of 1.1 €V are measured for 7.7 and 18 W
dissipated RF power. The electron densities are
0.4-10" and 1.3-10'° m™ respectively. Figure 2 shows
the spatiotemporal emission of the 750.4 nm argon line
(2p;-1s,) at 1.3 and 18 Watts. The powered electrode is
at position zero. The measurements are compared with
the results of the 1D fluid model. A strong time

Experiment
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! 8
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Figure 2 model results and emission

measurements of the 2p, level

dependence is observed due to the modulation of the
beam electrons. These electrons are able to excite or
ionize more than one atom during their trajectory from
the cathode to the anode. The larger grounded surface
in the plasma creates a higher negative bias voltage at
the powered electrode than at the grounded electrode.
This results in a lower energy of the beam electrons
from the grounded e¢lectrode, during its cathodic half
period. The measurements and the model clearly show
this effect in terms of a lower intensity of the 750.4 nm
line emission signal during the cathodic half period of
the grounded electrode. The peak in the emission at 1.3
W around 2 ps is an artifact from a micro-discharge
localized inside the metal tube connecting the reactor
to the pumping system. For the 763.5 nm line,
originating from the 2p, atomic level, however, a non-
zero background emission is observed. In fact, the 2p,
level can be efficaciously populated from metastable
states, whose population are not modulated during the
RF cycle, by the bulk electrons. |
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Figure 3 : DSLIF measurement at two distances
from the electrode for different phases (t/T) in the
RF period.

The time resolved velocity distribution of the (Ar+')
ions is shown in figure 3. At 9 mm from the electrode,
the ions are always inside the negative glow of the RF
electrode and their mean velocity is zero. From the
profile of their vdf we can deduce an ion temperature
of about 400 K. At x = 8 mm, however, the ions inter
the sheath of the RF electrode during the most cathodic
period of this later and are accelerated towards this
electrode. It can also be seen clearly that the ions have
a higher average velocity, particularly at t/T=0.8, when
the electric field is the strongest at x = 8 mm. Closer to
the electrode the ion speed has increased, resulting in
an ion density lower than the detection limit.
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DYNAMICS OF THE FREELY LOCALIZED
MICROWAVE DISCHARGE IN AIR

A.A Kuzovnikov, V.M.Shibkov, L.V.Shibkova
Departrﬁent of Physics, Moscow State University, 119899, Moscow, Russia
D.P.Singh, M. Vaselli
Istituto di Fisica Atomica e Molecolare. Via del Giardino, 7-56127, Pisa, Italy

Under effect of a powerful focused beam of
electromagnetic waves of a microwave range,
provided that the intensity of a electrical field
exceeds threshold value, in focal area of a
discharge chamber occurs a gas breakdown. At
a microwave discharge in a beam with a
reasonably small corner of convergence a wave
of breakdown quickly leaves focus towards to a
flow of energy. For.maﬁy practical application
it is required to localize the microwave
discharge in a fixed place of the space. For it we
offered the method of programmable pulse. The
main point of a given method consists that the
breakdown of a gas is executed by a powerful
short pulse, during which forward front of the
discharge has no time to leave focal.zone, and
the maintenance of a plasma is executed by the
second pulse of small amplitude, which is not
capable to stimulate of a gas breakdown
independently, but if the breakdown is already
carried out, the energy of a pumping pulse is
sufficient for maintenance of the discharge in a
fixed place of the free space for a long time.
‘In this work four types of the initiated
microwave discharge in air atmospheric
pressure were experimentally investigated:
nonequilibrium running microwave discharge,
created in a monopulse regime with a duration
up to 1 ms, the energy flow density S=104-10°
W/cm?; localized microwave discharge, formed

in programmable pulse regime with parameters:

the breakdown pulse n‘= 2-50 ps, S; = 104
Wicm?, the pumping pulse 12 = 1 ms, S; = 103
W/cm?; quasiequilibrium microwave discharge
in a kind of uniformly radiated plasrﬁa
formation, created at atmospheric pressure in a

monopulse regime 1<10 s and $=102-10% W/em?;

initiated microwave discharge in a kind of a

separate plasma channel at t=1-20 psand S =
104 W/cm2, _

The velocity of the running microwave
discharge spreading reaches 10¢ cm/s in the
beginning and reduces to 104 cm/s in the end of

pulse, (Fig.1(1)). As the experiments were

conducted in converging beam the discharge at
the late stages of its existence consistently comes
in places where S continuously decreases and
accordingly velocity of the discharge spreading
changes. The localized microwave discharge
represents a example of non self maintained
discharge. The electric field freely penetrates
into a plasma. The discharge illuminates in all
time of a pumping pulse on all area, engaged by
plasma, unlike the running discharge, where
only the thin plasma layer illuminates. The
velocity of localized discharge decreases up to
103 cm/s to the end of a pulse (Fig.1(2)). On Fig.
1(3) the velocity of movement of the
equilibrium discharge is indicated at various
microwave pulse duration. The equilibrium

discharge created in monopulse regime is
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located in the space too, but in difference from
of the programmable discharge at atmospheric
pressure it represents homogeneous illuminated
plasma formation during whole a time of
existence. The velocity of this discharge reduces
up to 5 cm/s at S=2.102 W/cm2. On Fig. 2
vibrational and gas temperatures in dependence
on the pressure of air in a plasma of the
localized microwave discharge are showed. One
can see, that at low pressure strong
vibrationally-translational nonequilibrium
TuTe=10 is observéd, with growth of pressure
- Ty decreases, and Ty increases, so at p > 400 torr
T.=T,. If microwaves energy puts off in this
condition the radiation of a plasma proceeds yét
during several milliseconds in a visible range
and order 100 ms in infrared of the area of a
spectrum (Fig.3(2), in difference from the non-
localized microwave discharge (Fig.3(1)). The
initiator, used in work, has allowed also to
receive the initiated microwave discharge in a
kind of a separate plasma channel. The channel
is formed for times 1-2 ps, the velocity of its
regrow reaches (0,5-1).106 cm/s. The electron
density in channel of microwave discharge is
indicated in double logarithmic scale on fig.4
(points -experiment, line -calculation [2]). At the
atmospheric pressure n. = (1-2).101% cm?3,
Te=0,7-1,0 ¢V. Experiment and calculation give
dependence of the electron density from
pressure close to linear and well agree with each
ather.
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Surface wave sustained discharges in pulsed regime operation

D. Grozev, K. Kirov, K. Makasheva and A. Shivarova
Faculty of Physics, Sofia University, BG-1164 Sofia, Bulgaria

1. Introduction

Besides some advantages with respect to applications,
the pulsed discharges giving results on the dynamics of
the gas breakdown, provide information necessary for
“better understanding of the discharge production. The
experimental study presented here contributes to the
research started [1-4] on pulsed mode operation of
surface wave (SW) sustained discharges.

2. Experimental arrangements

A pulsed discharge is produced (Fig.1) by using a
surfatron device [5]. The parameters of the applied

| =
[ Magnetron .
generator

1=245GHz

Detector
Antenna

to pump— l«— Ar

Fig. 1. Experimental arrangements

signal are: rectangular pulses with carrier wave
frequency of /= 2.45 GHz, pulse width 7, = (0.8-2) ms,

repetition frequency of 10 Hz, peak power.

Pp=(80-360) W. The discharge is in Ar at pressure
p=(0.1-10) Torr and flowing gas.

The microwave power P of the SW electric field
sustaining the discharge and the total light emission of
the produced plasma considered as giving information
about its density » are the registrated signals. They are
picked by a microwave antenna and by
photomultipliers through collimators.

3. Results

3.1 Shape, energy and rise time of the pulses

The microwave pulses and the pulses of the plasma
density are measured simultaneously at the same axial
(2) positions. Depending on p and P, the shape of the
pulses changes in a different manner along the
discharge length. From the measurements of the
microwave pulses, their total energy W(z) is obtained.
The rise time 7, of the pulses of the plasma density, i.e.

the time interval of reaching the stationary state, is also
determined.

At low p and comparatively high P,, the pulses keep
their rectangular shape over a long distance (Fig.2).
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Fig. 2. Pulses of the plasma density (a) and of the electric field
power (b) at different positions z in cm (denoted in (b)) read from
the gap of the surfatron: p = 0.5 Torr, P,=310 W

The leading edge is sharp. Starting with a value of 3 us
in the beginning of the discharge, 7z, is almost constant
over a long distance. With increasing z, the amplitude
of the pulses decreases and their width slightly
diminishes from the side of the leading edge. The
strong changes are in the very end of the column
(Fig.1) where W drops fast (Fig.3) and 7, increases
(Fig.4). The delay in the response of n (Fig.2) to P
could be associated with a threshold field intensity [6]
necessary to be reached for creating a discharge.

At higher p (and the same—comparatively high—Py),
the pulse parameters change quite more drastically
(Fig.5). Changes to a triangular shape are observed
towards the discharge end where only that part of the
pulses whicli is at the side of their trailing edge is kept.
The leading edge of the pulses is inclined even at the
beginning of the discharge. 7, there is about 9 ps and
strongly increases. W(z) decreases exponentially fast
(Fig.3). The difference in the W{(z)/W, -dependencies at
low and high pressures is an indication that the
discharge production is ' at different gas-discharge
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Fig. 4. z-variation of 7, (p = 0.3 Torr, Py = 100 W).

regimes [7}: different contributions of diffusion and
recombination to the charged particle losses.
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Fig. 5. The same as in Fig.2 but at p =9 Torr.
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3.2 Ionization front velocity
Vrdecreases along the discharge length (Figs. 6 and 7).
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Fig.6. z-variation of V; at different p-values in the limits of
p =(0.45) Torr; P, =200 W.

Atp 2 03 Torr, Vyis smaller (Fig.6) at higher p. An
increase of P leads (Fig.7) to an increase of V.

The measurements show that there is an optimum—for
discharge production—value of p at which L is large, 7,
is small and V; is high. Its value (p,,r ~ 0.3 Torr) is in
the range of discharge maintenance in a diffusion
regime. Existence of p,, can be associated with the
minimum of the maintenance field intensity which
appears [6]}, in a diffusion regime, at the transition from
predomination of the nonlinear process of stepwize
ionization to that of recombination.
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Fig.7. z-variation of V; at different Ps-values; p = 0.4 Torr.

In conclusion, the obtained results cover different
conditions of maintenance of pulsed SW sustained
discharges. - Specificies in their behaviour showing
development of modulation instability on the stationary
level of the pulses and separation of the leading edge of
the pulses are discussed in Ref. [8].
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Gas-discharge maintenance by guided mode propagation

in strong magnetic field

A.Shivarova and Kh. Tamev*
* Faculty of Physics, Sofia University, BG-11064 Sofia, Bulgaria
*High Military School ”Vassil Levski,” BG-5007 Veliko Tarnovo, Bulgaria

1. Introduction ‘

Self-consistent longitudinal structure of high-frequency
- gas discharges maintained in a diffusion controlled
regime by Trivelpiece-Gould mode propagation in
strong external magnetic field is obtained. The study is
stimulated by the extension of the experimental
research on surface wave sustained discharges to
magnetized plasma production {1-3] and the
development [4-6] of the fluid theory of of waveguided
discharges of isotropic plasmas. It is shown that
nonlocality due to longitudinal diffusion is h process
which ensures the self-consistent varidtion of discharge
parameters (plasma density /1 and electron temperature

T)) and wave characteristics (maintenance field ’

intensity) along the discharge length.

2. Formulation of the problem
Maintenance of magnetized plaémas of high-frequence
gas discharges produced by the field of travelling
waves is modelled on the basis of the fluid theory., The
discharge is sustained in a diffusion controlled regime.
The waveguided structure consists of the produced
plasma column (of radius R), free space region (R <
F < R)) and a metal shielding of radius K. The
‘external magnetic field BQ is fixed in the direction (2)
of the wave propagation. The produced plasma is
strongly magnetized (@ _,>> 0, ® p» U where © , and

®,  are respectively electron-plasma and gyro-
frequences, V- is the electron-neutral elastic collision
frequency and ( is the field frequency). The wave
sustaining the discharge is an azimuthally symmetric
Trivelpiece-Gould mode [7] with field variation
oc exp(—iot +ikz), k is the wavenumber. As it is
known [4-6], the longitudinal structure of .the
waveguided discharges should be obtained as a solition
of a closed set which combines equations of the gas
discharge physics and elcctrodynamical relations.

The electrodynamical ‘part of the problem described by
the wave energy balance equation

as/dz=-Q "
and the wave dispersion law
D(o, k,g(n)) =0, ()

although involving tedious calculations, is quite

transparant. In (1), S =—(ke,,R*0gE*)/(8x?)

-The function

and O = (VR*gE*)/(81,) are respectively the wave

power flux and the Joule losses in the discharge.
Obtained in the case of a Trivelpiece-Gould mode in a
strong magnetic field (£,, B, £ #0) they are

determined by k,n and E = = R)]; €,, and
O, are the longitudinal components of the permittivity
and conductivity tensors, 1, = (mw?)/ (4ne? )is the

* critical density and 'Kv =[k* - (0/c)*]".
functions g and ¢ are slowly varying functions with

values between 2 and 3 and their ratiois ¢/ g =1..
S(N)Y=(kR)/(x,R)*  where
N=n/n_canbe approximated by f(n)=oN with

o = 0.23. Therefore the electrodynamical part of the
problem (eqs. (1) and (2)) gives the following equation:

dg(N Vy=-NV )

where E=(v/0)(q/g)z/aR) is a normalized
axial co-ordinate. Eq.(5) relates the averaged (over the
plasma columi cross-section) normalized density N to
a normalized field intensity ¥ = E° / E}; E, -appears
here as a constant (its meaning is defined below).

The description ‘of the gas-discharge part of the
problem is based on the particle balance equation:

2

- d
D, An+D, o n+vn 0 C))

and the electron energy balance equation

)
taken in a local approach.. Here v, = v, exp(=U, / T,)

GB/2mvU, =0 =(1/2)oy,

and Vv, =v,exp(=U.,/T)) are respectively the

frequencies, of direct ionization and excitation; {/,and
U, are the corresponding threshold energies. The
ambipolar diffusion coefficients in transverse (D, )
and longitudinal (D),,) directions are taken as

constants. The gas discharge part of the problem adds
the electron temperature 7, to the other three unknown

quantities (k, #, E*). The four relations (1), (2), @)
and (5) are the closed set of equations which describes
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the structure of the aiécharge composed by a self-
consistent variarion of plasma (7, 7,) and wave

(k, E*) characteristics.

3. Results

"The solution of eq. (5): o .
, T,=-U, /Iy ©)
relates T, to the field intensity |E|2 and expresses the
effect of the thermal nonlinearity. The normalizing

field ~ intensity

determines its eﬁicienéy. With v, =v, V  obtained by
using relation (6), eq. (4) gives the second equation

d*N

g .

'-which relates the field intensity /' and the plasma

density N (the averaging of the density in radial

+F(J)=0 M

direction: is over ‘the profile N, (r)=J,(2.4r/R) "

obtained from eq. (4). In eq. (7), F(V)=BV* -9
and its first and second terms account respectively for
charged particle gain through ionization and particle

losses due to diffusion in a transverse direction; .

B=vin/D,, §=Nu/D, with
h=(0gaR/vq), A=(24/R)D,, .

Equations (3) and (7) coupling the electrodynamical
and gas discharge parts of the problem, constitute the
final set of equations (for # and F 2) which describes
the self-consistent plasmaé>wave behaviour. - It
includes the strong thermal nonlinearity (eq. (6))
responsible for the discharge creation and nonlocality
due to axial diffusion responsible for self-consistent

interrelation of 72(z) and E*(z).

With the small value of F(V) (F(V)<107?), the
solution of the set of eqs. (3), (7) is :

— | 1 1

N= 1——2"[1" ZF(I/lh)]é——z—ézF(l/th)(l_gg) ®
V=V ll+2F@)N =DL o

A boundary condition for y = 0 at N =1, i.e. at the

resonance of the Trivelpiece-Gould mode (in strong |,

magnetic field) considered as a discharge end (£ = 0)
is applied. Here y = (V' =V, )/V,, is the deviation of
the field intensity from its threshold value ¥, at the
discharge : end. Given by

Ve=02D,, /:/,- Y24/ R)? it is determined as a

field intensity which creates plasma of critical density
by compensation of the losses (diffusion in transverse
and longitudinal direction) by ionization. The results

E? = 3me’ v, U.)/(ge’v) -

I-159

(8) and (9) for the axial structure of the discharge are

presented in Figs. 1 and 2.
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Fig. 1. Axial variation of the plasma density.
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Fig. 2. Axial variation of the field intensity.

In conclusion, the axial structure of the gas discharges
maintained in a diffusion controlled regime by
Trivelpiece-Gould mode propagation in a strong
magnetic field is constituted by decreasing (from the
wave launcher towards the discharge end) self-
consistent variations of the plasma density 71, electron

temperature 7, and maintenance field intensity E*.

This axial structure of the discharges is obtained on the
basis of the effects of strong thermal nonlinearity and
nonlocality due to longitudinal diffusion.
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Effects of non-local electron kinetics in a RF capacitive discharge in nitrogen

E. Stoykova, E. Tatarova, K. Bachev and 1. Zhelyazkov
Faculty of Physics, Sofia University, BG-1164 Sofia, Bulgaria

1. Introduction

An important aspect of RF capacity discharges comes
from the type of the RF inhomogeneous field structure
and electron energy distribution function (EEDF) coup-
ling into discharge. Two different approaches of elec-
tron Kinetic treatment are usually considered in ahalysis
of inhomogeneous bounded plasma. In the limits of so
called local regime the EEDF and its moments are local
functions of the maintaining electric field, i.e. the energy
gain from the field is locally balanced by the energy loss
in elastic and inelastic collisions with neutral particles.
In opposite, the non-local approach takes into account
the non-locality of the problem, i.e. the fact that infor-
mation is distributed by the electrons over the whole
cross-section of the discharge, due to their diffusive
motion [1]. The transition between local and non-local
plasma response in molecular gases differs from that in
atomic gases for the vibrational and rotational levels of
molecules are excited. The aim of this work was to ob-
serve the non-local properties of the EEDF in molecular
gases. To this end the space resolved (along the RF
electric field) behaviour of the EEDF and its moments
has experimentally been investigated. A single Lang-
muir probe by appropriate methods and techniques that
provided the unperturbed probe characteristics in the
presence of RF electric field has been used [2]. The
measurements are performed by means of a computer
controlled data-acquisition system with cross-modulat-
ion second derivative technique applied. The probe
diagnostic methods are accompanied with accurate
measurements of the electrical discharge characteristics
(RF discharge current density, RF voltage, ect.). In a
capacity discharge, nearly all of the applied voltage is
dropped across the oscillating electron sheaths that form
near the electrodes. These sheaths heat the electrons
through a process in which electrons reflected from the
moving sheath edge gain energy on average. This pro-
cess, usually referred to as "stochastic heating" is the
dominant source of electron heating at low pressures [3].

2. Experimental results and discussion

The experiments have been carried out in an asym-
metrically driven capacity discharge at a frequency of 27
MHz. The plasma device consists of parallel plate
aluminium electrodes with a diameter of 8.2 ¢m and
electrode separation L = 2.6 cm. The bottom electrode
is grounded and the top electrode is the powered one.
The cylindrical glass discharge chamber is evacuated
down to a pressure of 0.35 Torr. Typical curves of the

measured EEDF are shown in Fig. 1 at various discharge
current densities j, when the probe is at the midplane of
the discharge axis. The obtained EEDFs are markedly
non-Maxwellian. Their energy variations show domi-
nant influence of the electron—molecule energy ex-
change processes. A strong decrease of the curves in the
energy range of 2-5 eV is observed. This behaviour
mirrors the rapid rise of the cross-sections for vibrat-
ional excitation of N, molecules by approximately two
orders of magnitude in that energy interval. Figure 2
demonstrates the evolution of the EEDF as the axial
distance x (referred to the grounded electrode) is chang-
ed along the RF electric field. The measured EEDFs
reveal a "widening" towards the discharge center where
the heating inhomogeneous RF field decreases. This be-
haviour correlates with the average electron energy
variations (Fig. 3). The spatial scanning of {g) exhibits a
nonuniformity along the RF field with a well
pronounced decrease towards the electrodes, where the
heating electric field is larger. Thus, the non-local
coupling between the EEDF and the inhomogeneous RF
electric field is an obvious experimental result. The
axial electric field in such a discharge increases towards
the electrodes due to a decrease of the electron density
by ambipolar diffusion. The axial distribution of the
electron density, estimated by measuring the ion saturat-
jon current is shown in Fig. 4. For comparison a
theoretical profile given by the relation
n(x)in(x = L/2) = (1 - 2x/L)?)~1/2

is also shown. i

The obtained EEDF's axial variations may also be in-
terpreted in terms of the electron energy relaxation
length A.. For low electron energies (25 eV), the elec-

tron collisions leading to vibrational excitation of nitro-
gen molecules is the main process significantly affecting
At Ag(€) = A(V o (€)Vem(€))172 [4]. Here A, is the elec-

tron mean free path, v, and v, are the frequencies of
vibrational excitation and electron-molecules elastic
collisions, respectively. An estimation shows that for
mean electron energies in the range 2-5 eV, Ae =

0.5-0.8 cm ~ L/2 = 1.3 cm. Thus, the non-local plasma
response should be certainly consider as an approx-
imation which finds its range of validity under condit-
ions when the energy relaxation length A, is of the order

or large compared to the discharge dimensions (L/2) as
the results obtained demonstrate.

Another important problem for a RF discharge is the
nature of the electron heating mechanisms. At low-
pressure conditions, one occurs the so called "collision-
less" regime for plasma electrons where stochastic
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electron heating in the oscillating RF sheaths at the
plasma boundaries dominates. Since the sheath voltage
. is generally much larger than the mean electron energy,
the sheaths usually present an impenetrable potential
barriers for electrons: electrons can escape to an elec-
trode only when the adjacent sheath is fully collapsed or
nearly so. Thus when an electron strikes a sheath it will
generally be reflected, and because of the sheath motion
the electron will generally change its energy on reflect-
ion. Although this energy change can be positive or
negative, the average effects is positive.

The total dissipation power Pg;.p, in the discharge at
conditions considered is composed of the Ohmic P,, and

stochastic Py heatings. By comparing Py;c ., and P,, one

can estimate the contribution of the noncollisional dis-
sipative process in the RF energy transferred to plasma
electrons. Py, is obtained by measuring the RF dis-
charge current Iy, RF voltage Uy ., and phase shift
between them. The RF power P, imparted to plasma

electrons in the plasma bulk through electron-neutral-
atom collisions may be found as [3]:

2
P = 2 gisonVemL
2% % Rp2
0, Ky K R
“)«230 is the electron—plasma frequency at the center of

plasma volume, R is the discharge plasma radius, K,
and K, are geometrical factors of plasma axial and
radial inhomogeneities [3]. ]?r is obtained under the as-
sumption of a Bessel plasma density profile in radial

direction, while K, is calculated from the experimental-
ly obtained electron density profile shown in Fig. 4. The
estimation shows that the ratio P, /P4y is 0.05 for a
pressure p = 0.35 Torr and RF discharge current density
j =449 mAcm2, Thus, one may conclude that the do-

minant heating mechanism for such conditions is the .

stochastic heating.

e(el/ 8 0
7 145, |\

Fig. 1. EEDFs measured at different RF discharge cur-
rent densities (x = L/2). :
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Fig. 3. Axial variation of the mean electron energy.
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Fig. 4. Axial electron density profile (j = 4.49 mA cm™2).
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Transition from o- to y-regime in a RF capacitive discharge in nitrogen

E. Stoykova, E. Tatarova, K. Bachev and 1. Zhelyazkov
Faculty of Physics, Sofia University, BG—1164 Sofia, Bulgaria

1. Introduction

The specific feature of capicetively coupled RF dis-
charges is the existence of two operational modes which
essentially differ in a light emission and in the main
governing ionization mechanism. At low discharge
voltages, ionization is provided by plasma bulk electrons
and the discharge is in an o-mode, while at high dis-
charge voltages (or high RF current densities) the
ionization is maintained by fast electrons initiated at the
RF electrodes and the discharge is in a y-mode [1]. The
experimental study of RF discharges in the y-regime in
inert gases (argon, helium) showed that the transition
- into y-regime is accompanied by a sharp change in the
electron energy distribution function (EEDF) and as a
consequence a strong drop in the electron temperature
and a steep rise in the electron number density is
observed [2].

The aim of this work is to demonstrate some specific
features of a RF capacitively coupled discharge (E-type)
in molecular gas (nitrogen), when it goes from - to }-
regime. The transition between o~ and y-mode is invest-
igated by measuring the EEDF and its moments' changes
with the increase of the RF discharge current density.
For that purpose a single Langmuir probe by appropriate
methods and techniques that provided the unperturbed
probe characteristics in the presence of RF électric field
has been used [3]. Along with this, integral light emis-
sion measurements by using an optical fibre and photo
multiplier are also made to confirm the results obtained
through a probe diagnostics.. The probe measurements
are accompanied with accurate measurements of the
electrical discharge characteristics (RF discharge current
densities, RF voltage, ect.).

2. Experimental results

The experiments have been carried out in an asym-
metrically driven capacity discharge at a frequency of 27
MHz. The discharge is sustained between two parallel
plate aluminium electrodes separated by a distance of
2.6 cm and confined by a cylindrical glass tube with a
diameter of 8.2 cm. The bottom electrode is grounded
and the top electrode is the powered one. All measure-
ments are made in the midplane of the axis in the
discharge chamber which is evacuated down to a pres-
sure of 0.2 Torr.

Figure 1 demonstrates the evolution of the EEDF with
RF discharge current density variation. The correspond-
ing variation of EEDF moments together with cor-
responding discharge parameters (voltage and power

density) are shown in Figs. 2 through 4. As can be seen
over a limited range of discharge currents (up to 4 mA
cm~2) the EEDF does not change, the average electron
energy {€) remains constant and the electron density n,
grows linearly. The electron energy spectrum is far
away of being Maxwellian with a shape which reflects
the influence of collisions leading to vibrational excitat-
ion of nitrogen molecules. When the discharge current
is further increased a sharp change in the EEDF's shape
with a corresponding drop in {€) and a rapid increase of
n, is observed. As can be seen (Figs. 1 through 3) the
transition to a y-regime has a threshold-like nature. The
transition point where the discharge changes the mode
of operation (from o to y-mode) corresponds to a tran-
sition current density jians = 4.9 mA cm™2 and a tran-
sition voltage Uj,,,s = 35.4 V. The high voltage ensures
conditions for a secondary electron multiplication in the
RF plasma sheaths. After acceleration in the sheaths
these y-electrons gain a high ionization efficiency which
leads to much faster electron density growing than at a
linear rate. Figure 2 shows that n, increases by two
orders of magnitude as the discharge current density
changes from 3.3 to 5.6 mA cm=2. The steep rise in the
electron density due to the y-electron ionization results
in a sharp fall (about 5 times) of the mean electron
energy (Fig. 3). Both the drop in (¢) and jump in n, lead
to a drastic increase of the electron—electron collision
frequency V. o n/(€)32 [2]. While the discharge cur-
rent density increases twice (from 3 to 6 mA cm™2),
which causes a transition from a- to y-regime, v, in-
creases by a factor of 800, thus giving conditions for a
termalization of the electron energy spectrum. The
observed in Fig. 1 trend of measured EEDF (in y-mode
operation) to Maxwellian distribution can be explained
by this increased influence of the electron—electron
energy exchange processes.

The sharp changes in the EEDF and in the plasma
parameters—well known in literature as a transition into
v-regime—are accompanied with a change in the dis-
charge luminosity distribution (Fig. 5). The increase of
integral light emission near the electrodes when the
discharge goes from o~ to y-mode correlates well with
the observed abrupt transiton on EEDF and its
moments.

3. Discussion and conclusion
The experiments show that in the y-mode the physical

processes occurring in the RF sheaths and in the bulk
plasma are rather complicated. Their dynamics is
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determined mainly by the character of the electric field
variation in the plasma sheaths during the RF period [1].
The RF field main part is concentrated in the plasma
sheaths where due to the nonlinear interaction a strong
additional quasi-stationary field arises. This field cre-
ates a potential barrier for plasma electrons in the most
part of the RF period. However during the whole period
a continuous stream of positive plasma ions is directed
towards the electrodes. The ion bombardment initiates a
secondary electron emission, which plays an important
role in the maintenance of the discharge. The secondary
electron current grows under the action of the large
electric fields inside the sheaths. After electrons multi-
plication and acceleration in the sheaths towards the
plasma, electron beams are formed. They reach the
plasma bulk and dissipate their energy mainly through
inelastic collisions. By contrast with an a-mode, in the y
-mode the production of exited and charged particles is
controlled by the fast electrons generated in RF sheaths
and as a result a strong increase of the discharge
luminosity near the electrodes is observed. Due to the
high efficiency of the y-electrons the electron density
rises sharply and as a consequence a reducing of the RF
field in the bulk plasma and a fall of the mean electron
energy is registered.

. Fig. 1. EEDF evolution during RF discharge transition
to a y-mode.
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Fig 2. Electron density variation during RF discharge
transition to a y-mode. '
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Fig. 3. Average electron energy variation during RF
discharge transition to a y-mode.
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Fig. 4. Voltage and power density variations as a funct-
ion of the discharge current density.
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Fig. 5. Axial distribution of the integral light emission
density.
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Diagnostic Study of R.F. Parallel Plate Reactor
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1. Introduction

When R.F. voltage is applied between parallel-plate
electrodes, sheaths are found in front of each electrodes
and a plasma connects these sheaths. The purpose of
this research is to measure distribution of electron
temperature and electron density by using a double
probe compensated R.F. potential variation in R.F.
discharge. Sheath is exist in front of electrodes.
Potential on earthed electrode is earthed and potential
on powered electrode is lower than earth by self-bias
voltage. '

2. Experimental Methods

The discharge system consists of cylindrical vacuum
chamber (diameter: 20 [cm], length: 29 [cm]), paralle!-
electrodes that are 10 {cm] in diameter and spaced
4 {cm] apart (Fig. 1). The discharge between two
electrodes is confined in glass tube. The lower
electrode is earthed. From the upper electrode R.F.
power is supplied. The frequency of the R.F. power
is 13.56 [MHz]. An impedance matching unit is
comprised of two variable capacitors and one variable
inductor which transfers the R.F. power to the
discharges. The cylindrical vacuum chamber is
formed a vacuum at 10 [torr] by a turbo molecular
pump and a rotary pump. Argon gas is supplied via
a massflow controller. The pressure is varied
between 0.01 and 0.5 {torr], which is monitored with a
capacitance manometer.

3. Results and Discussion

Fig. 2 shows electron temperature (T. [eV]) and
probe current (I [ £ A]) versus distance from the axis
of the discharge. At input power (P =60 [W]) and
pressure (p=0.1 [torr]) probe current(I [t A]) are
decreases as the distance from the axis increase.

Fig. 3 shows electron temperature (T. [eV]) and
electron density (n. 107 [m™]) on the axis of
discharge as a function of the pressure. Electron
density (n. 10" [m™]) increases as pressuré (p [torr])

increases. Electron temperature (T. [eV]) decrease
as pressure (p [torr]) increases. This agrees with
Schottky’s theory. Fig. 4 shows that electron
temperature (T, [eV]) and electron density (ne

10" [m]) on the axis of discharge varies with input
power at p=0.1 [torr]. As input power increases,
electron density (n. 107 [m™]) increases sharply and
electron temperature increases gradually.

Input power (P,) is consumed only at bulk plasma.
Pv=R,x I ¢))

Discharge current (L) is

L=exsxnxv @)

(s: size of electrode [m’], v: velocity of electrons
[m/s])

Therefore,

n’ o P, 3)

This results reflect on measurements of Fig. 5.
4. Conclusions

Electron density (n.) decreases as pressure increases -
and increase of electron temperature (T, [eV]) is
caused by increase of ionization collision frequency.
Electron density (n.) is proportional to P, .

And electron temperature (T. [eV]) increases
gradually as input power (P [W]) increases.
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Fig. 1
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A Surface-wave-based High-density Plasma Source operated near 200 MHz

M. Tabbal, O. Pauna*, M. Chaker and J. Margot *
INRS-Energie et Matériaux, 1650 boul. Lionel Boulet, Varennes, Qc, Canada, J3X 1S2.
* Département de Physique, Université de Montréal, C.P. 6128, Succ. Centre-Ville,
Montréal, Qc, Canada H3C 37J7.

1. Introduction

Newly developed high density magnetized plasma
sources such as microwave sustained discharges at
electron cyclotron resonance (ECR at 2.45 GHz) [1]
are very attractive for the ever more stringent require-
ments imposed on the etching processes in microelec-
tronics and optoelectronics. In comparison with the
conventional RF capacitive discharges, such sources
have the advantage of independent control of ion flux
and ion energy; they also provide high densities at
extremely reduced gas pressures. Recently, J. Margot

et al. [2] have developed a new large diameter high |

density magnetoplasma reactor based on a Surface
Wave Discharge which, in contrast to common mag-
netized plasmas, can be operated over a large range of
magnetic field intensities and of field frequencies (10
MHz-2.45 GHz). ' g

Operated at 245 GHz in SFe, this reactor has been
characterized [2] and wused to replicate 0.2 pm W
etched patterns with an excellent anisotropy [3]. In this
communication, we examine the characteristics of the
plasma sustained at a lower frequency, namely 190
MHz in argon. Preliminary results on the influence of
gas pressure and magnetic field intensity on the elec-
tron temperature, T., and ion density, n;, are presented.

2. The experimental setup

' The plasma is created by an electromagnetic surface
wave propagating in a 15 cm diameter fused silica tube

and penetrates into a 28 cm diameter stainless steel -

vessel. A characteristic of this reactor is that the mag-
netic field is uniform over a large part of the reactor
vessel. The surface wave is launched at the gap of a 16
¢m inner diameter Ro-box operated at 190 MHz. The
plasma is produced in Ar at pressures varying from 0.3
to 20 mTorr and a gas flow rate of 25 sccm. When no
magnetic field is applied, the plasma can be sustained
at pressures as low as 1 mTorr.

A RF driven cylindrical Langmuir probe was used to
determine the electron temperature T, and the positive
ion density n;. The RF signal was sampled from the
190 MHz HF power supply and superimposed to the
d.c voltage applied to the probe. Its phase was ad-
justed so that it compensates for plasma potential RF
fluctuations. This procedure enables to minimize the

distortion of the probe characteristics which can thus
be used to retrieve T, and n; {4]. The effect of the
magnetic field were reduced by orienting the probe
perpendicularly to the magnetic field lines. The good
linearity of In(i.) (i is the electron current collected by
the probe) observed when plotted against the probe
potential suggests that (i) the bulk of the electron dis-
tribution function is very close to a Maxwellian and
(ii) the magnetic field does not significantly affect the
repelling electron current. In these conditions, a reli-
able value of T, can be obtained. The influence of B
shows up more strongly when considering the electron
saturation current. For this reason, the plasma density
was derived from the ion saturation current using the
ABR theory [5]; under our experimental conditions,
the ions are always weakly magnetized. The meas-
urements reported below have been obtained on the
axis (r=0) of the large diameter portion of the reactor
at 20 cm from the wave launcher gap and for a HF
power of 275 W.

3. Results

Figure 1 shows the ion density n; measured at the
plasma axis as a function of the operating argon pres-
sure, for two extreme cases namely, when no magnetic
field is applied (B=0 Gauss) and at B=875 Gauss
which the value of the magnetic field intensity used in
conventional ECR discharge operated at 2.45 GHz.
When B=0 Gauss, n; increases from 4.10°cm™ at 1
mTorr until it saturates at about 15.10"° cm™® at an

- operating pressuré of 10 mTorr and above. When the

875 Gauss magnetic field is applied, n; increases with
gas pressure to reach a maximum value (1.7 10" cm™
) at about 3 mTorr ; further pressure increase yields a
decrease of the ion density down to 9 .10" cm™ at 10
mTorr. The increase of the plasma density with pres-
sure can be related to a more favorable power balance
which results from a reduction of charged particles
losses [61. For non-zero B, the fact that n; decreases
for p> 3 mtorr presumably results from a spatial re-
distribution of the plasma (Probe measurements are
local and do not provide a spatially average density).

Figure 2 presents the electron temperature at the
plasma axis for the same conditions as in Fig.1. In
absence of magnetic field, T, decreases slowly from
25 eV at 1 mTorr to about 1.75 eV at 20 mTorr.
When the magnetic field is applied, T, is higher than
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for B=0 (about 4.0 eV) at low pressures while it
reaches a comparable value at 10 mTorr. The decrease
of the electron temperature with increasing pressure
results from the reduction of the diffusion coefficient ;
at steady-state, this implies the ionization frequency
and consequently T, will both decrease. Because the
diffusion coefficient is also further reduced for non-
zero B-field, one should also expect a lower T, at
B=875 Gauss than at B=0. Figure 3 shows that it is
not the case at low pressure. Very different spatial
distributions of the plasma with and without B-field
could explain this result. This is well supported by our
observation that the radial extent of the plasma de-
creases as B increases.

Finally, Fig. 3 presents the ion density measured at 1
mTorr as a function of the applied magnetic field. The
ion density increases from 4.10'°cm™ when no field is
applied and to about 8.10"" cm™ for B > 400 G. Such
an increase by more than one order of magnitude was
also observed at higher pressures, namely 10 mTorr.
These results seem to indicate that there is no signifi-
cant gain in applying a magnetic field larger than 400
Gauss. In addition, preliminary comparison with re-
sults previously obtained at 2.45 GHz show that simi-
lar plasma densities can be achieved in both plasmas.
The 190 MHz magnetized plasma thus seems to be
advantageous as compared to the 2.45 GHz discharge
in terms of magnetic field intensity required to achieve
a high-density plasma.

4. Conclusion

We have designed a surface-wave-based magneto-
plasma reactor operated at 190 MHz. The experi-
mental results show that high plasma densities can be
achieved at gas pressures as low as 0.3 mtorr. The
density obtained in argon is comparable to that of ECR
reactors but requires a lower magnetic field. This

work will be now pursued by studying a Cl, or an

A1/Cl, plasma intended for anisotropic etching of thin
films. '
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1. Introduction

There has been recently considerable interest in
flowing post-discharge reactors for surface coating
processes. In microelectronics, deposition of SizN,
films has been obtained in N, CVD post-discharges
with SiH, [1]. Surface activation of polymers [2] and
nitriding of metals (steel) [3] have also been achieved
in post-discharge reactors. Correlations have been
established between the active species density and film
properties such as wettability for polymers and
resistance to corrosion for metals [2,3]. It is the
purpose of the present work to report on N atom

production-in a flowing post-discharge used for CNy -

film deposition [4].

A surface-wave discharge is produced with a
Ro-box field applicator [5] at frequencies f ranging
from 13.56 to 2450 MHz in a N, discharge tube (dia.
4.5 mm) at powers up to 200 watts. The N, flux Q and
pressure p in the discharge tube are in the range 0.1-2
slm and 1-10 Torr, respectively, Standard values of Q
= (.55 sim, p=4 Torr in the post-discharge tube (dia. 3
cm) and 7 Torr in the discharge tube are selected since
we found that the N atom density increased with
pressure and reached a saturation at p=4 Torr. The N
atom density is determined by NO titration in the post-
discharge tube. . v

2. Post-discharge characterization

A Nitrogen post-discharge is formed by an early and a
late afterglow. The early or "pink" afterglow wich is
formed right after the discharge, is characterized by
the N, vibrationnaly excited molecules which are
producing self-ionization reactions (Penning effect),
The "pink" afterglow is followed by a late or "Lewis-
Rayleigh" afterglow where reaction (i) is dominant.
The late afterglow in a N, post-discharge is well
characterized by the emission of the N, (B, 11) - (A, 7)
spectral band at 580.4 nm, which results from the
following recombination reactions:

N+N+N, - N, (B, 1D +N,
N, (B, 11) > N, (A, 7) + hv (580.4 nm) ®

The afterglow intensity at A = 5804 nm is
proportional to [N]? and this classical method has been

calibrated by NO titration [6]..Depending on HF
power, gas pressure and flux, the early and late
afterglows are more or less separated. An emission
spectroscopy method has been proposed recently {7] to
separate the contributions of the pink and late
afterglows in the recorded spectrum in order to
determine accurately. the N atom density. For that
purpose, the normalized rp v distribution of the N; (B,
v') population:

L o
> 212:7 [Nz (B’V')]

has been calculated. rpy is the sum of contributions
from rp v (N+N) in the late afterglow and rp v (pink) in
the early afterglow: '

)

Ty = arg, (N + N)+bry,.(pink) 2

Abacus of rgy are then determined by choosing well
confirmed values of rgy (N+N) and rpy (pink)
distributions [7]. Then, the "a" parameter in eq. 2 is
determined for each experimental rp . distribution and
the N atom density can be determined by :

[N) o= (@l g m)? _ ©)

We now use the NO titration method to validate the
above abacus method.

3. Abacus method experimental validation

The post-discharge optical emission is observed using
a Jobin-Yvon HR 320 spectrometer with a Hamamatsu
R955 photomultiplier, a picoameter amplifier and a
chart recorder. Using equation 3, we evaluated the
relative N atom density, for different pressures and
powers {f=440 MHz), and compared the results to the
absolute density values obtained by NO titration. The
correlation of the two techniques is reported in fig.1.
In the plot, data points corresponding to a<0.5
represent a dominating "pink" afterglow while data
points corresponding to a>0.5 represent a dominant
"late" afterglow. For both cases, the correlation of the
two N atom density measurement methods is quite
good, thus validating the rp + technique.
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Figure 2 shows the N atom density as a

function of absorbed power in the pink afterglow -

(a<0.5, as detected 25cm away from the Ro-Box) and
in the late afterglow (a=0.9, 40cm away from the Ro-
Box). Little variation in the N atom density values are
detected in going from the pink to the late afterglow
indicating few losses and creations of N atoms in the
post-discharge.

4. Influence of frequency on N atom
production

The effect of wave frequency on N atom production is
reported in fig.3 for p=4 Torr. Plots of N atom density
as a function of absorbed power are presented for four
wave frequencies (13.56, 40.68, 440 and 2450 MHz).
For all frequencies, the N atom density increases with
the absorbed power and then reaches a saturation
region (1.3x10"° cm™®). Furthermore, the power
required to attain saturation decreases with increasing
wave frequency. We can relate this to the electron
density which increases as a function of wave
frequency for a traveling surface wave [8]. It can also
be noted that in the saturation region, values of N atom
density are equivalent for 40.68, 440 and 2450 MHz.
At 13.56 MHz, the saturation region is not yet reached
at 120 Watts. The measurements were limited to this
value to avoid the injection of plasma inside the post-
discharge tube.

In conclusion, the optimum discharge
conditions for N atom production were found to be p=4
Torr with absorbed power as low as 40 Watts at 2450
MHz. This N atom source was successfully used for
CN; thin film deposition where a high flux of atomic
nitrogen is essential {4].
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Estimation of Electron Density Distribution
in Inductively Coupled Electrodeless Discharge

Yoshio Watanabe,

Kanagawa University,

Yokohama, Japan

1. Introduction.

An inductively coupled electrodeless
discharge has various advantages since it is free
from electrode damage. If electron density
distribution in the discharge tube can be
determined, discharge power and current
distribution in the tube will be estimatéd.[l]
Then the optimum dimensions of the ‘discharge
tube and the excitation coil can be designed.

2. Electron density distribution.

The employed discharge tube consists of an
inner tube and an outer tube in a coaxial
configuration and is shown in Fig.1. The
excitation coil is located inside the inner tube.
The discharge forms in the space between the
inner and the outer tube in circumferential

direction. 71.8mm
23.8mm
SR S i
Excitation

coil (20turns) £
— E
S|
o™

. i L -

e— Hg

Fig.1 Experimental discharge tube configuration
The rate equation for electron density, r., is:
d .
5n, =div(n u E - D, gradn )+ vn,, (1)

where 4 . : electron mobility, £ : electric field,

D.: electron diffusion coefficient, V'i:ionization

Makoto Yasuda*

*Hitachi Ltd.

frequency. Cylindrical coordinates (r, 8, 2) are
employed and 8/8 6=98/8 z =0 are assumed.
Under the assumption of 8/8 ¢ =0 due to MHz
operation and E: =EF; =0, eq.(1) is rewritten as

follows:

DB

—(rgnm vn,=0, (2

where D: is replaced by the ambipolar diffusion
coefficient, Da. Assuming that v ;i is propor- .
tional to electric field, £,, and E, is almost
proportional to the inverse of the radius outside
the region of the excitation coil, the expression,
v i =4/r, is employed where A is constant. Then

eq.(2) is rewritten as follows:

—aZ;nc +-}-—oln¢ +£n¢ =0, @

ox X X x
where x=rrm (#m: inner tube radius) and
B=runAlDa. '

The electron density distribution is calculated
with constant B by eq.(3) and shown in Fig.2
with rm=11.9mm, =35.9mm (m: outer tube

radius) and B=4.4328.

0 2 L L )
1.0 1.5 2.0 2.5 3.0

x(=r/rm)

Fig.2 Calculate electron density distribution.
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The density has a maximum at x =1.81 (r =21.5
mm).

The value of Bis determined by the boundary
condition, n=0 at r =m. B as a function of
(rn/m-1) is shown in Fig.3. The relationship
between Band (zn/m-1) is approximated by,

B = 15.45(20/n-1)-177, €Y

—
=3

!

L]

.

:

1

L]

L]

.
[
) ‘lll"‘ 11 'lH"l oLt

0.01 0.1 1 10
rD/rm—-1

Fig.3 Bas a function of (zn/rn-1).

3. Measurement of distributions of the
excited mercury atom at 63D and 73S states.

The discharge tube was filled with argon of
67Pa and mercury. The distributions of the
excited mercury atom at 63D and 73S states were
measured instead of electron density, since the
direct measurement of electron
distribution is difficult. The power radiated in a
transition between the kth and j th state of the

atom, K;(r), is:
1
I,g. (r)=EijN,‘(r)E,9. , ®)

where (Js: emission constant, M(r): atom density
at the kth state, E: energy difference between
the kth and J th state. Thus M(2) distribution

can be determined by measuring A(r)

densiﬁy

distribution using Abel inversion.

Four non-imprisonment emission lines from
mercury, 312.6nm (63D2—>63P1), 365.0nm (62Ds
—>63P2), 404.7nm (73S1-+6%Po), 435.8nm (7351~>
6%P1), were employed for the measurement. The

I-171

obtained results are shown in Fig.4. Each
distribution of the excited atom density has a

maximum around r=21mm.

1.0 : : :
FANR
5 0.8 ' / 404.7nm
£ : ‘\ (775:-6%7;)
= ' W
P | ) \ !
g - i /\x 435.8nm
’§ : 365.0nm \\‘ (7’1,51'5”".)
E 0.4 i / (sio;.slpz) - l
g 0.2 1 312.6nm A\
E ’ I (6'0,-6%P;) :
= |
& 0.0

0 10 20 30 40
distance from the axis (mm)

Fig.4 Measured distribution of the excited
mercury atoms at 63D and 73S states.

4. Discussibn.

The electron density distribution shown in
Fig.2 obtained by eq.(3) and the distributions of
the excited mercury atom shown in Fig.4 show
good agreement both in shape and maximum
position. Since the excited mercury atoms at 63D
and 73S states (non-imprisonment level) are
produced by collision between electrons and

mercury atoms, it can be considered that the

‘electron distribution should be proportional to

the distributions of the excited mercury atom at
63D and 73S states.

5. Conclusion.

The electron density distribution in the
inductively coupled electrodeless discharge
which is calculated by eq.(3) shows good
agreement with the measured distributions of
the excited mercury atom at 63D and 73S states.

6. Reference.
[1] Y.Watanabe: Jpn.d.Appl.Phys. Part 1, Vol.35,

-No.8, pp.4498-4502 (1996)
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Theoretical Study of Electromagnetic Phenomena in Plasma-
Layers and Thin Films

Aysegil Yilmaz and Sinan Bilikmen
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In6éni Bulvan, 06531 Ankara, Turkiye .

Anri Rukhadze
Russian Academy of Sciences, General Physics Institute 711333,

Moscow, Russian Federation

1. Introduction

Our aim is to investigate the propagation of quasi-
longitudinal waves in the surface layer of a magnet-
ically confined plasma by using the scalar potential
derived from Possion equation which is indepen-
dent from the distribution function of particles.

2. Modeling

For a collisionless, inhomogeneous, semi-bounded,
magnetically confined anisotropic plasma with the
characteristic length exceeding the Larmor radii of
the particles (i.e. Vra/Q0a € L : o = i,¢) the
following Possion equation is derived using kinetic
theory:

Foo(Ea,
Th=—4r) e /dPaa——o—g———)-qS(a:)
+ 2":4%—1 / dP / dkze™*=" p(k.)

0Fye  ky OFos\
x[(mawag +Q E )J(b) (1)

Ma2_ W

Q2 tw—k,V, —nQ,

?Foo ( J2(D) Ja(b)J% (b)
X 52 ( 5 k—zk——————b )]

+

ki Via
Qq
or Fermian, and J, & J) are Bessel function
and its derivative, respectively. Here one dimen-
sional inhomeneity is chosen along z-axis, and uni-
form external field is oriented along z-axis (i.e,
Q, = constant). Vp, is termal speed of particles,
Q4 is particle-cyclotron frequency, P, is particle-
momentum, and &, is particle-kinetic energy.
New phenomena is expected when w <
ky 2 Vra
Vig ~
LQ, L2Q2
essential in Eq.(1). Moreover, at long wavelenghts,

V
i lta & 1 is of interest.

where b = , Foa(€q, z) is either Maxwellian

At this limit only n = 0 term is

only

[ 4

Then,Eq.(1) is reduced to
0

Ve = [— (—%+gé+a k27]¢=0 (2

where

~6Foa k,V,
o= Z47re /d 68 T

_Foa 1
b= 24”/ o Sla w— k,V,

vz, w
7= \/:4”/ “02 w—k,V,
Eq.(2) is valid for all inhomogeneous plasma like
media. Therefore various kinds of problems can be

studied by means of Eq.{2).
We restrict ourself to the case where

02

V¢1=[ (6 5 k2>+&]¢1; z <|d]|

Vé2,3=0; z<0, z>d 3)
Then related boundary conditions are
0
Hlemot = 0, [ % A¢] =0,
z=0,d
Glz-srto0 = 0 (4)

where £ = 1 — 4,and A = k,f. Hence solution of
Eq. (3) is

Cie™F 4 Cze” I T |< d

¢ = Cze™"* x< 0 (5)
Cye™™ x>d
012
where k2 = atk;

z — 2 2
€ ,n= 1/ky+kz.
3. Results
Eq.(5) leads to following dispersion equation:

(K2€2 +772 _ Az)(em: _ e—nm)
+ 2nk(e™ +e7**) =0 (6)
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We observe that

e If Imk > Rek, Eq.(6) describes the bulk
waves and coincide with sin(ikd) ~ 0 at the
short wavelength limit, nd > 1.

o In the case of Rex > Imk, there are two
cases:
(a)If kd > 1 (i.e. semi bounded media) we
have surface waves which are one direction
with

kE+nEA=0 )

(b)If kd < 1 (i.e. long wavelength limit) the
surface waves are represented by the follow-
ing dispersion relation

(kA +7* = A)d+nE =0 (8)

Our study continues to find w at the limit of
o wKy, n =0 and
o b,V K 'LU<< k. Vre

for Maxwellian ion and Fermian electrons.

4. References A
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Topic 12

Non ideal plasmas.

Clusters and dusty plasmas.
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underwater laser sparks spectroscopic caracterisation using hydrogen Balmer
emission lines -

Alexandre ESCARGUEL*, Alain LESAGE**, Jacques RICHOU*
*Laboratoire d'Optoélectronique, Université de Toulon et du Var, BP 132, 83957, LA GARDE, FRANCE
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1. Introduction

Laser breakdown, in which a substance is
transformed explosively to a plasma by a focused
pulsed laser beam has been studied extensively [1, 2).
The spark is a result of dielectric breakdown of the
medium induced by the strong electric fields of the
pulse. In the high temperatures of the spark plasma,
material is reduced to elemental form and is excited
and ionised. In gases and on solid samples the main
spectrum feature of such plasma is the appearance of
atomic and ionic lines. These lines can be used to
determine plasmas parameters as temperature or
electronic density [3, 4]. In pure water, laser plasmas
produce a quite different sort of spectrum because of the.
important medium density. Indeed, atomic or ionic
emission lines is less evident and the spectrum is
mainly composed of an intense continunm which
vanishes a few hundreds of nanoseconds after the laser
pulse. Then, spectroscopic characterisation of such
plasma becomes more difficult. To our knowledge, no
hydrogen emission lines have been yet observed in
underwater laser spark spectra. D.A. Cremers and al.
studied such spectra with an experimental
configuration comparable to ours [5]. They did not
observe any emission form H I and only at early times a
weak O I (777.4 nm) signal. In the following sections,
we study time resolved spectra in different zones of
underwater laser plasma, and we observe Balmer
emission lines in some zones. Continuum radiation is
studied and temporal evolution of electron density is
calculated using Stark broadening of Ho emission line.
Results are in good agreement with D.A. Cremers and
al. Results [5].

2. Experimental

a. Spectroscopic measurements

We used a Nd:YAG laser of 10 ns duration with
an energy E; ranging from 10 mJ to 310 mJ. The beam
was focused into the liquid by a 50 mm focal length
plano-convex fused silica lens. The cell containing the
samples was constructed of quartz to provide an inert
environment for the liquids. The spark light was
monitored at right angles to the path of the laser pulses
through an achromatic cemented doublet and an optical
fiber up to a Jobin-Yvon spectrometer. A 1024 pixels
time-gated photodiode array provided simultaneous
detection of the spark light over the whole visible
region. This photodiode array was intensified with a
pulse generator which was monitored with an Optical
Multichannel Detector (OMA2000) connected to a
personnal computer. '

b. Data handling

Spark light intensity is much less intense in
water than in gases. Then, to avoid too noisy line
emission spectra, we had to sum over several hundreds
of shots. Moreover, to have a better estimation of the
noise to substract to a series of shots, we alternately
acquire the noise and the signal. We used a
reconvolution method based on a least square curve
fitting technique to retrieve lines parameters. Such
reconvolution method has several advantages over
deconvolution techniques : first, it is possible to retrieve
positions, shapes and intensities of several lines
overlapping each other. Secondly, the continuum which
can distorts in an important way emission lines spectra
is fitted at the same time and then, does not need any
additional treatement. Aqueous solutions were prepared
with ultra-pure water having resistivity equal to 18
MQO/em,

¢. Size measurements v

We measured plasma size using a single-mode
fiber-optic connected to an achromatic cemented
doublet. The other end of the fiber was connected to a
photodiode directly connected to an oscilloscope. The
doublet was fixed on a x-y-z micro-positionning system
with a 1 um precision. The spark size diameter was
taken to be the distance between the one half intensity
points. Each measurement was averaged over several
hundreds of sparks.

3. Laser spark characteristics in water

a. Global spectral characteristics

The focal point, where the plasma is intiated,
is dominated by an intense continuum. At a given delay
t, after plasma beginning, Its intensity decreases when
the observation zone shifts parallel to the laser beam
towards the focusing lens. At the same time, hydrogen
and oxygen emission lines (Ha : 656.2 nm ; Hp :
486.1 nm ; OI : 777.4 nm) intensities increase and
become narrower, which indicates a plasma electronic
density lowering when moving from the focal point to
the incident laser pulse. Hydrogen and oxygen lines are
hardly visible in the focal point zone essentially for two
reasons : first, concerning the Ol at 777.4 nm, it is
located in a low sensitive zone of the photodiode array

- 50 that the signal has to be much more intense than

towards 550 nm to be detected, whatever zone is
observed. Secondly, because of the high electéfitc
density, hydrogen Balmer lines are very broad arid
merge easily into the background light.
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b. Continuous radiation

If we suppose that no other radiative process
than Bremsstrahlung, as recombinaison radiation,
contribute significantly to the background light
spectrum before the emission lines apparition, i.e.
during the first 40 ns, it is possible to estimate the
plasma diameter d for which the radiative energy loss
equals the radiation of a blackbody of the same
diameter and temperature as the plasma during this
period. If we suppose that the plasma shape is
cylindrical [5], we can equal Bremsstrahlung and
Planck loss rates (energy per unit time) to obtain the
plasma diameter d versus electronic density and
temperature (d(m) = 3.98E32*T>°(°K)/N,%(m™>)).
Barnes and Rieckhoff [6] deduced a temperature of
15.000 °K at t, = 15 ns after plasma formation from the
black-body-like spectrum of the continuum. Using Ca
traces added to water, Cremers and al [5] measured a
temperature of 11.600 °K at t,=250 ns, which is
consistent with Barnes and Rieckhoff measurements.
With the help of hydrogen Balmer o line Stark
broadening (see paragraph d), we measured electronic
densities equal to 3.2 X 10'° cm™ 50 ns after the plasma
beginning. Then we deduce that, during the first tens of
nanoseconds after the laser pulse, d ~< 320 um. Now,
for an incident laser pulse enmergy E; of 70 mJ, we
experimentally measured the following plasma
diameter : (260 % 10) um, at t, = 10 ns and (240 £ 10)
pm at t, = 100, 200 and 300 ns. Then, we can conclude
that the plasma spectroscopic and spatial characteristics
allow it to approach the black-body spectrum intensity
before the emission lines apparition, i.e. during the first
40 ns. . S

c¢. Apparition times of hydregen lines

The Ho and HP} averaged apparition times we
experimentally obtained are respectively equal to 40 ns
and 100 ns. The corresponding electron densities for E,
= 22 mJ are : Ny(t,=40 ns) = 4.7 X 10" c¢cm® and
N(t,=100 ns) = 5.3 X 10'® cm™. We observed that when
laser energy is increased, these times increase, the lines
being merged into the continbum longer and longer.
Now, if we consider the Inglis and Teller formula [7, 8]
that gives electron density N, versus principal quantum
number n,, of the last resolved hydrogen Balmer line,
the other lines with higher n,, being completely merged
into continuum, we obtain the following theoretical
electron density above which emission lines must be
merged into continuum : N,(th) = 7.6 X 10" cm?
(Balmer o : n, = 3), and N(th) = 8.8 X 10'®* cm?
(Balmer B : n,, = 4). Considering that Inglis and Teller
formula only gives a coarse estimation, these results are
in rather good agreement with N(t,=40 ns) and
Ne(t,=100 ns).

d. Emission lines
In underwater laser sparks, Stark broadening
due to the high electron density is the major contributor

to the width of most spectral lines [3, 4]. Temporal
evolution of electron densities at different laser energies
were calculated with the use of the Griem theory [3, 4].
We used hydrogen Balmer o emission line Stark
broadening, assuming that Doppler broadening is
negligible compared to Stark broadening. hydrogen
Balmer B emission line was too broadened and too
weak to be analysed. We did not take into account line
self-absorption. According to Cremers and al [5], we
infered that local thermodynamic equilibrium (LTE)
would be established more quickly thar 15 to 20 ns into
the plasma lifetime. The very important electron
densities found, up to 4 X 10'° cm™, support this
assumption. The electron density uncertainties have
been estimated to be + 25%. The spatial zone studied
was 1 mm before the focal point, and the temporal
resolution of the detection system was 10 ns. Results
are shown in figure 1.

45

40 1

Ne (cm-3"1E18)
o 3 o B 8 & &

]

5 60 70 8 8 100 110
tp (ns)

Fig. 1 : electron density as a function of delay time in

underwater laser spark at two different laser energy : E,

=22 mJ (+), and E; = 70 mJ (0).

Cremers and al. [5]; using elements traces, measured
the following electron densities : 5 X 10'® cm™ at
,=250mns, 2.3 x 10" cm™ at t, = 500 ns and
9x 10" cm™ at t, = 1 ps. Considering that they used a .
Nd:YAG laser with 45 mJ energy and 15 ns pulse
duration, their results are in good agreement with ours.
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Observation of Ordered Structure in Thermal Dusty Plasmas
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Izhorskaya 13/19, Moscow, 127412, Russia

1. Introduction

It was found in laboratory rf plasmas that negatively
charged particles tend to self-organize in ordered
structures [1,2]. Previously an experimental realization
of the crystal-like structures has been already achieved
in similar non-neutral systems of macroscopic charged
particles and atomic ions in different type of traps.

The thermal plasma under study is at a low
temperature, with electrons, ions, and gas all having
the same temperature. When we introduce dust
particles into thermal plasma, they will become charged
by collecting electrons and ions, as they do in low-

pressure discharges, but also by emitting electrons. The

latter process can lead to a positive electric charge,
unlike the negative charges in low-pressure discharge
experiments.

We present here an experimental study of the formation

“of a macroscopic ordered structure in a weakly ionized
thermal dusty plasma under atmospheric pressure and
temperatures of 1700-2200 K. This is the classical
neutral and extended thermal plasma that is not
confined in a trap. The plasmia volume and the number
of particles being investigated are about of 10 cm® and
10%, respectively. The effect of boundary conditions on
the plasma state may be neglected and, in consequence
of this, the conditions of the structure formation are
close to that in the infinite plasmas.

2. Experimental Setup and Procedure

The experimental facility incorporated the plasma
device and the diagnostic instrumentation for the
determination of particle and gas parameters [3]. The
dusty plasma device uses as the basic plasma source a
two-flame propane-air Meeker burner with combustion
gases seeded with dust particles. Two types of the
weakly ionized thermal plasmas with chemically inert
dust have been studied in our experiments. The basic
constituents of one type were Al,Oj; particles, electrons,
and singly charged Na* and K" ions, and the other were
formed from CeQ, particles, Na’ ions, and electrons.
We are able to make a number of measurements of
plasma parameters such as the electron and ion number
densities, plasma temperature, and the diameter and
number density of the particles. Employing a laser
time-of-flight system, we can compute the radial pair
correlation function g(r) and analyze the particles
structure in the plasma spray. ;

3. Results and Discussion

The particle structure measurements were compared
with a random particles distribution obtained at room
temperature when only -air was supplied to the burner
producing the aerosol flow. This simulates a dusty
plasma in its “gas phase”.

Typical pair correlation functions g(r) for a spray of
CeO, particles at room-temperature conditions (T,=300
K) and at plasma-temperature conditions (T,=2170 K
and T;=1700 K) are shown in Fig.1.
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Fig. 1. Pair correlation function g(r) for spray of CeO,
particles (Z;=500): (a) at room temperature T,=300 K
and y,=0 (Z,=0); (b) at plasma temperature T,;=2170 K
and 7,=40 (I';=1); (c) at plasma temperature T,=1700 K
and y,=120 (I';=40)
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The measured mean diameter of particles was 0.8 um.
The CeQ, particles were charged positively and have of
about 10° electron charges. It was found that pair
correlation function computed at a plasma temperature
T,=2170 K (Fig. 1a) and number density n;=2.0-106
cm” is very similar to those observed at room
temperature (random gaslike distribution). Therefore
the plasma is weakly coupled and does not exhibit the
formation of ordered structure. This fact is also verified
by plasma diagnostics. From our optical and probe
measurements we obtain that the mean interparticle
distance (<r>=50 um) is approximately four times the
Debye length (rp= 14 um) and that the Coulomb
coupling parameter yg) is about 40. The estimated value
of parameter 1"5=Zp26 exp(-<r>/rp)/<r>kT, is about 1.

Figure 2 shows the range of n, and n, where ordered
structure takes place. The theoretical boundaries of the
OCP and Yukawa model are indicated [4,5].
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Fig. 2. The range of plasma density (n.+n;) and particle
density n, in which an ordered structure is formed
when Z;=500. The curves 1 (1’) and 2 (2’) correspond
to y,=4 (I.=4) at T,=1700 K and 2200 K, respectively:
¥,=40 (T';=1) (o) and y,=120 (I';=40) (A) for the plasma
with CeO, particles

The short-range order condition is satisfied in the
region above curves 1 and 2 (OCP model) and curves 1’
and 2’ (Yukawa model). The boundary curves 1 (1°)
(Tg=1700 K) and 2 (2°) (Tg=2200 K) correspond to
Y,=4 (I's=4). The Yukawa model predicts higher values
of y, for the observed interparticle distance <r> and the
Debye length . The experimental data point (circle)
lies between the curves 1(2) and 1°(2’). The appropriate
pair correlation function g(r) is shown in Fig.1b. It can
be seen that the state of the strongly coupled plasma is
found with corresponding values of I'=4 and y,=160.
This value of the coupling parameter vy, is
approximately 40 times larger than the critical value

for the OCP model. By this means the experimental
data are in accordance with the Yukawa model.
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In the case of the lower plasma temperature
(T=1700K) and particle number density n,=5.0-10’
cm?, Fig.1(c) shows the pair correlation function g(r),
in which the distinctive short-range order of a liquid
system is apparent. The calculated values of y, and T
are about 120 and 40, respectively. That corresponds to
a strongly coupled system of positively charged
particles and electrons. The particles form an ordered
structure, which is in agreement with the diagram of
plasma states as shown by the triangle in Fig.2. The
corresponding pair correlation function is shown in
Fig. 1(c). '

Decreasing the density of CeO, particles increases the
mean interparticle distance and causes a reduction in
the Coulomb energy. The spatially ordered structure no
longer holds, as is seen in Fig. 1(b) for n,=2.0-10° cm™.

The plasma with AlLQ; particles was studied at
temperatures in the range T,=1900-2200 K. The mean
size of particles was about 1.5 pm. Due of to the larger
numbers of alkali ions and electrons, the Debye
screening reduces the Coulomb interaction. For
example, taking T,=2035 K, n=8.6-10" cm?
n.~1.3-10"" cm>, and n,=1.0-10° cm™, we obtain the
values rp = 6.5 pm and <r> = 60 pm. Since <r> = 9rp,
the particles are significantly shielded from each other
and do not form a space-ordered structure..
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Dusty plasma ordered structures in the stratified dc glow discharge
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1. Introduction

It was found in 1994 [1, 2] that dusty plasmas could be
" made to “crystallize” under certain conditions. These
conditions were realized in radio-frequency discharges.
A plasma crystal forms near the bottom electrode at the
boundary of the cathode sheath. Dusty plasma crystals
have some unique properties and promise to be an
indispensable research tool both in the investigation of
properties of strongly coupled plasmas and in the
investigation of fundamental properties of crystals.

Here we report the results of experiments that open up
the new field of existence of dusty plasma ordered
structures and a new area to the experimenter. We have
discovered [3] the formation of macroscopic ordered
structures of the negatively charged dust particles in the
standing striations of a direct current glow discharge in
Ne. Subsequent experiments revealed several interesting
features of these structures.

2. Results and discussion

The glow discharge was produced in a’ cylindrical
vertically positioned glass tube with cold electrodes.
The inner diameter of the tube was 3 cm and the
distance between electrodes was 40 cm. The discharge
current ranged from 0.1 to 10 mA and the neon pressure
ranged from 0.2 to 2 Torr. Discharge regimes with
natural standing striations existed in this range. Micron
sized particles were injected from a container located on
the top of the discharge tube. Falling particles were
trapped and suspended in the striations. Two kinds of
dust grains were used: berosilicate glass microballoons
50-63 microns in diameter with wall thickness of 1-5
microns ( particle mass M is in the range 3 10% -8 10
g), and alumina particles 3-5 microns in diameter ( M, is
in the range 6 10" - 3 107 g). Particles were illumi-
nated by a horizontal or vertical sheet of Ar laser light
and imaged with a CCD video camera. Dust particles
were seen as a cloud levitated in the centre of luminous
part of a striation. Usually a few clouds were observed
in adjacent striations. The cloud diameter was in the
range of 5-20 mm. The particles were organised in 10-
20 (for glass particles) and more (for alumina particles)
planar layers. Distances between layers were in the
range of 200-400 microns. Interparticle distances in the
horizontal plane were 250-600 microns.

Figure 1

Fig.1 displays an example of the structure observed in
the horizontal plane for alumina particles at p = 0.3 Torr
and discharge current I;= 0.4 mA.
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Fig.2 shows pair correlation functions obtained from
images at discharge currents equal ,correspondingly, to
0.4; 0.9; 3.9 mA at the above mentioned pressure. It is
seen that at I; = 0.4 mA there are at least five peaks that
testifies an existence of long-range order in yhe dusty
plasma. This corresponds to the crystalllike structure. It
follows from the correlation functions obtained that with
increasing current the long-range order is being
disturbed. In the case of I;= 3.9 mA only the short-range
order is observed. It is noteworthy that the nearest
neighbour distance a, which is equal to 270 microns is
nearly unchanged during the current increase (that is,
during ion and electron density increase almost by an
order of magnitude) This behaviour is quite different in
comparison with investigations in radio frequency dusty
plasma [4] where a change of ion density caused a
significant variation of a,. Let’s make estimations of
plasma parameters in these experiments. It follows from
measurements in neon glow discharges [5,6] that in the
~ case of I; = 0.4 mA parameters in the striation head are
as follows: electron density n. = 10® cm™, electron
temperature T, = 6 10* K, electron Debye length 1700 p
m, ion Debye length 120 um. The particle charge can be
estimated from the value of floating potential in the
striation head [6] and from the balance of gravity and
electrical field . For alumina particles we have the
particle charge Z, = 2 10*. Taking this into account we
obtain the Coulomb coupling parameter I' = 10°.
Assuming that the screening is due to ions we have with
an account of screening Iy, = 10*. In the case of I, = 3.9
mA: n.= 8 10® cm®, electron Debye length 600um; ion
Debye length 40 um. Here, we obtain I' = 10° and T,
=10°. These estimations correlate with the behaviour of
the structures observed.

Notice that for glass particles Z, is equal to 2 106
electrons. So, for both kinds of particles used in our
experiments the ratio of the particle charge to its mass
has ~ 10" electrons/g. This is almost one order of
magnitude greater than in the case of radio frequency
discharge plasmas .

Note one more interesting feature of the dc glow
discharge dusty plasma. By properly adjusting the
plasma parameters it was possible in these experiments
to modify a shape of the particle cloud from an
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ellipsoidal structure to the threadlike structure extended
up to 60 mm. The magnified fragment of such structure
observed for glass particles is given as an example in
Fig.3 (The bar is equal to 1 mm).

-

Figure 3
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Shell Structure of Pure Ion Plasmas
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1. Introduction

Pure ion plasma is an unneutralized cloud
consisting of some number of ions (up to few
thousands) confined by external electromagnetic
fields. The thermal energy of such a cloud may be
extremly low, so that the gaseous parameter, that is,
the ratio of average potential and kinetic energies of
a particle, is much larger than unity.

Both physical and computer experiments
indicate that pure ion plasmas at sufficiently low
temperature exhibit a number of phase states
resembling crystall or smectic liquid crystall. (It
should be noted that many habitual concepts like
temperature are rather conventional in application
to this plasma. Strictly speaking, it is a
nonthermodynamic system.) In the present paper
we focus on the phenomenon discussed in Refs. 1-3.
It was found that a uniform ion cloud tends to split
in a few concentric shells like those shown in Fig.1.
Here we present a simple theory describing some of

the features of this transition.
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2. Basic equations

The model we study is just a set of N charged
particles placed in a potential well without any
neutralizing background. For simplicity, we
consider a spherically symmetric well with the
potential

l//(l')— —agr? )
2e

This potential well is a reasonable
approximation for the Penning trap. Fig.l shows
the spatial distribution in polar coordinates for 300

ions obtained by computer minimization of the
total potential energy:

Us=Seyr)+iy S

=i F; —T

@

i

It is clearly visible that particles tend to
concentrate near 5 spheric shells (the first shell
consists of a single ion placed exactly at the origin).
The similar results were obtained in Refs.[1-3] using
molecular dynamics simulations. This means that
this structure is rather due to the electrostatics than
due to the dynamics.

Our main purpose is to evaluate the minimum
of the total potential energy of the particle set and
to estimate the character of the distribution over the
shells. We assume that the particles organize
themself in M concentric spheric shells of growing
radii R; (R; < R, <...) each containing N; ions

(i=1.M, N = ZiuNi ). In ignoring the structure

and the thickness of the shells, we treat each shell as
a uniformly charged thin spheric layer and find that
the approximation for the total potential energy
(2), W(R,N,M), consists of three parts:

W= Z[ maiR’N, (External energy)

(Self energy of the
+_e_ N? i-th shell) 3)
2R
2 1 (Energy of the i-th
e - shell in the field of
+E N, Z N j} all inner shells)
j=t

Our task here is to find the minimum of this
energy with respect to R;and N;.

Force balance is determined by the condition
dW/dR, =0 resulting in the expression for
equilibrium radii of the shells:

2 i-1
R} = @M+ M) @)

ma)o j=1

The next step is to minimize the potential energy
(3) with R, given by Eq.(4) with respect to shell
charges N, at fixed N and M. This yields rather
bulky equations, which, however, may be explicitly
solved:
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where A; form a sequence of numbers: A¢=0,
Ai=1, Ax=2.808, A3=5.342, A+=8.554 etc. For large
i>>1, A,~0602i"", where the pre-exponent

factor is a result of numeric adjustment, while the
exponent (9/5) is exact. This results in the following
asymptotic dependence for shell charge and radius:

N' o 2 i4/5
1 5 M9IS

" 0)
Ri z( P ) PEL A

moy) M

N

The results of numeric minimization of the
potential energy (2) for N = 4 + 330 are depicted in
Fig. 2 and 3. Evidently, the dependences of N,
(Fig.2) and R,(Fig.3) on N correspond to analitical
expressions (6). However, the number of runs we
performed is not enough to determine the
dependencies on the shell number, /.

N,
200 A

100 A

......

100 200 300N
Fig.2

/s
LA

gy —

100 200 300 R

Fig.3

Within the approximations we have used, the
energy, W, does not take any extremal values as a
function of number of shells, M, but was found to
be a very slowly growing sequence. Seemingly, this
means that in order to pick the optimal value of M
one should take into account the inner structure of
the shells. However, we can estimate their number
in a following manner. Computer runs show that
with the growing number of particles, N, the
number of shells also grows. Since the smallest shell
have to contain at least one particle, we must

impose the constrain N, > 1, that is, the number

of shells is estimated as M oc N°” .
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Electron energy distribution function in a dusty plasma.
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Physical processes in dusty plasmas are studied
intensively because of their importance for a number
of applications in various technologies (plasma
etching, plasma deposition, etc). The particles of dust
created in the plasma volume by gas polymerisation
or by plasma - surface interaction can change
plasma features and therefore technology processes.
On the other hand, studying the ability of
microparticles to form the solid phase structure
(Coulomb crystal) may contribute not only to the
plasma physics and chemistry, but also the solid state
physics. A number of theoretical and experimental
efforts were focused on investigation of plasma
electrodynamics with microparticles, the role of
negative ions in nucleation of critically large clusters
and particle growth [1-3].

One of the main problems in plasma with
microparticles is their influence on electron
distribution function.

The ‘influence of microparticles on the
electron energy distribution function (EEDF) in the
electropositive gas is considered in the report. The
research is based on solving the Boltzman equation
in the two-term approximation (TTA) [4]. The Debye
radius is supposed to be less than the distance
between microparticles. Microparticles can be
considered as volume drains for positive and negative
charges. The positive charge flux to microparticles
related to their drift was considered in the
assumption of their Maxwellian velocity distribution.
The flux of electrons to microparticles (depending on
electron energy) was determined in assumption of
Coulomb potential of microparticles (with charge z,).
The cross section . of this process was written as
follows: o = mar(1-* k/ (rss,)), where 14 is the
radius of a microparticle, €, - electron energy, m — the
probability of electron attachment to microparticle. The
stationary EEDF corresponds to the distribution of
microparticles with respect to charges, in which the
fluxes of electrons and ions on microparticles are
equal one to another.

In the common case, the stationary EEDF in
a given gas is determined by large number of
parameters, such as gas density N, the reduced
electrical field E/N, density of electrons n,, different
types of ions n/, density of microparticles na and
their size distribution. Even if we limit ourselves to
microparticles of only one size 14, the number of the
parameters appears to be unreasonably large.

The number of the parameters may be
considerably reduced, assuming that all the
microparticles in plasma have the same average
charge z4. In this case, the EEDF determined from

the Boltzman equation solution in TTA depends only
on three parameters: E/N, potential of the
microparticle ¢ = eza/ty and  the reduced
microparticle surface

S&=1 nr’Ny/N. Therefore, it is possible to solve this
problem even on PC AT. Parameter ¢ can be
determined from the continuity equations for
electrons , ions and microparticles taking into account
the losses of electrons and ions on microparticles. In
the case of homogeneous quasineutral plasma, these
equations are reduced to the following:

dno/dt = noN<°'V>ion = nend<cv>.°esc s (1)

dnyi/dt = n N<GV>joq - NiNg<oV>'e,  (2)
zg=(m-n)/ng, - 3)

The jonization rate constant <6v>;,, and the attachment
rate constant of electrons to microparticle <ov>°,, were
taken from the results of the EEDF -calculations,
attachment rate constant of ions to microparticle
<ov>iy, supposing that their Maxwellian velocity
distribution may be written as follows:

nrd (Ty(2mmy))' *(1+e* k/(14T;)), where Tiand m; are
the temperature and mass of the ion.

To close this equation set, an additional
condition, for example, the constancy of the current
density, is necessary. These equations are integrated
numerically until a steady-state regime is reached. As a
result, the values of ion and electron density, the
reduced electrical field and average charge of a
microparticle may be determined.

The dependences of the EEDF on the
electron energy & and microparticle potential ¢ in
plasma of helium at E/N = 30 Td are shown on Fig, 1

£

& 2 - ] *
- 25 7% \(9\
ap "2

Fig.1 EEDF at ;= 10""7 cm® and E/N=30 Td in dependenc
of microparticle potential and electron energy.
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Fig.2 <ov>, dependence on microparticle potential
 and reduced electric field at ;=107 cm’

for Sa = 10" cm® As it is seen from the figure, the
EEDF significantly varies with ¢. The flux of high
energy electrons on microparticle significantly
decreases this part of the EEDF at low ¢. It is more
evident for the processes that depend on a high
energy part of the EEDF, for example, for ionization.
In Fig. 2, the dependence of the ionization coefficient
on ¢ and E/N is shown for Sa = 10-"7 cm? It is worth
noting that this dependence is not monotonous. The
ionization rate constant has a minimum at a medium
value of ¢. Such a behaviour is explained as follows.
For large ¢, the electron flux on microparticles is
absent and the ionization rate constant reaches its
maximum value. The decrease of ¢ results in reaching
the microparticles by the high energy electrons. As a
result, the high energy part of the EEDF decreases
and the ionization rate constant falls. Further

downturn of gresults in losses on microparticles of

the low energy electrons, which are unable to ionize
gas. Owing to the EEDF normalization, it is

equivalent to the increase of the high energy part of

the EEDF and some increase in the ionization rate
constant.

The EEDF is calculated in the assumption of

equal charges of all the microparticles. Nevertheless, it

allows one to determine the distribution of

microparticles on charges F(z) in the case of weak
EEDF dependence of ¢. In fact, considering only

integer z, we can determine the frequencies of

electron losses of on microparticles with different
charges, v,.”. The frequencies of losses of positive ions
on microparticles of different charges v;?, may be
determined in the assumption of their Maxwellian
velocity distribution [5]. The frequencies obtained
allow us to determine F(z) from the stationary balance
equation: F(z+1) = F(2) * v.* /v with normalization

condition ZF(z) = 1. Fig. 3 shows F(z) distributions for
the ion temperature Ti= 0.1 eV and E/N = 10 Td.
For comparison, we have also plotted the F(2)
calculated in the assumption of the Maxwellian
distribution for electrons. The electron temperature
needed for these calculations was calculated using the
EEDF for given E/N and ¢.

Fig.3 shows that the results of F(z) calculation
have practically the same behavior for different EEDF.
As was expected, deviation of the EEDF shape from
the Maxwellian one results in a small reduction of
average charge of a microparticle. It is possible that in
molecular gases (for example, N;), or in the region of
strong ¢, the dependence on the EEDF and the
deviation of F(z) shape from the Maxwellian one will
be more pronounced.

This work was supported by grant 96-02-
18938 from the Russian Foundation of
Fundamental Research.
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in Dusty Plasma
A. Kirillin, A. Samarian, O. Vaulina.
High Energy Density Research Center, Russian Academy of Sciences,

Izhorskaya 13/19, Moscow, 127412, Russia
Tel: (095)4842355, Fax: (095)4857990, E-mail: ipdustpl@redline.ru

1. Introduction

A presence of the disperse phase in ionized gas may
considerably influence on its optical properties,
electrical conduction, processes of radiative heat
transfer and proceeding of the chemical reactions. The
development of techniques for non-intrusive
determining the particle sizes and optical constants
provides a means for studying different physical
processes in the dusty plasma. As an example the
complex refractive index of particles contains

information regarding their physical properties such as

chemical composition, temperature, state of
aggregation of matter, type of conduction. The primary
difficulty associated with diagnostic optical methods is
inverting the measurements for particle size and optical
constants simultaneously. The analytical techniques for
solving inverse problems usually do not posses a unique
solution. Because of this, most diagnostic methods
require the use of a priori information regarding the
size distribution or optical constants of particles.

The purpose of this work was to develop a practicable
technique for spectral diagnostics of particle in dusty
plasma flows. Here we present two optical methods
developed for determining the particle teinperature,
mean size, concentration and complex refractive index.
The complex use of these methods does not requires a
priori knowledge of the particle sizes, complex
refractive index or its spectral dependence. One of the
methods is based on measurements of forward
scattering transmittance (FST) at the different aperture
angle of detector. This method has been successfully
used to retrieve the particle mean size, concentration
and real refractive index of the polydispersions in the
dusty plasma [1].

In this work we consider the particles which are
optically non-grey at the measurement wavelengths.
The temperature of these particles is measured by the
spectroscopic method involving the approximate
relationships for the spectral dependencies of the
single scattering albedo [2]. The temperature T, of the
particles is measured by the spectroscopic method. The
method is based on solving a system of radiative
transfer equations for light intensity measurements at

several wavelengths A [2]:

I(A)=e(M)B(Ty, A) )

Here, I(A) is the radiation intensity, B(T,, A) is the
Planck blackbody function, €(A) is the emissive ability
of the particles suspended in a plasma. This method
was advanced, owing to the developed technique for
inverting the measurements. We propose a mnovel
spectroscopic method for determination of the particle
Sauter mean size and image part of the refractive
index.

2.Theory

We concentrate on the empirical inversion of spectral
measurements here. Empirical inversion techniques are
based on computer simulations of the scattering or
extinction processes. Then, the particle parameters can
be obtained by minimizing a mean-squares error
between measured and calculated data. Calculations are
performed by using the Mie theory here. The inversion
technique for determining the particle Sauter mean size
D5, and image part k of the refractive index is based on
the measurements of a single scattering albedo & for
weakly absorbed particles (k<0.1). The spectral
distribution of the albedo w(A) is uniquely determined
by the particle sizes under the assumption that the
particle refractive index is independent of measurement
wavelengths. The values of the single scattering albedo
at one of measurement wavelengths contains
information on the image part of the particle refractive
index. Therefore, with a knowledge of the particle sizes
and real refractive index, the spectral dependence of k£ -
can be easy measured. Dependencies of the single-
scattering albedo @(A) on the particle Sauter mean
diameter D3, and the image part & of the particle
refractive index are shown in Figs.lab for the
Gaussian distribution with the standard deviation
8=25%.
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Fig.1 Dependencies of the single-scattering albedo o
on the particle Sauter mean diameter D3, (a) and the
image refractive index & (b) for the Gaussian
distribution with the standard deviation 5=25%:
a) m=1.7-0.01i, 1-A=0.5um, 2-A=1pum;
b)) »=1.7, A=1um, 1-D3,=0.5pm, 2-D3,=1 pm.

The values of the single scattering albedo can be

obtained from the emissive ability €(A) of the dusty
plasma. Assuming that multiple in-scattering is
negligible yields [2]

e(M)=(1-a(})) (1-exp{-t(M)}) ()
where T(A) is the optical depth of the suspended
particles. Thus the measurements of the particle
temperature and optical depth provide a means for
determining the ®(A) values from Egs. 1 - 2.

3. Experiment

The polydispersions of weekly absorbing particles of
CeO,, and ash in the flow of the propane-air flame
combustion products were measured at the spectral
range from 0.5 to 1.2 pm. The particle temperature was
varied from 1800 to 2250 K The particles were
introduced in the inner flame of the Mekker combustor.
The optical instrument consists of two parts: the FST
channel and the spectroscopic channel. The particle
temperature (Tp), complex refractive index (m=n-ik)
and mean diameter (Ds,) are obtained. The results of
measurements are given in Table 1.

Table 1. The results of measurements for the particles
of ash and CeQ,.

paticles | T K [ Dy, | Dy |k107| n
pm pm
ash 1927 | 1.73 | 1.78 | 0.88 | 1.68
208 | 1.57 | 1.60 | 1.05 | 1.68
CeO, 2025 | 1.23 | 126 | 1.76 | 2.05

2227 1.17 | 1.20 { 1.98 | 1.98

The mean Sauter diameter of the particles are measured
by several techniques such as the FST tecpnique o),
the novel spectroscopic method (D,) and thg spectral

I-185

transmittance method. The obtained values of particle
Sauter mean diameter are in close agreement. The use
of the FST technique also provides a means for
estimating the dispersion of particle sizes. The ratio
pu=D32/Dyo, where Dy is the particle mean diameter, for
the ash particle is about 1.08. For the model Gaussian
distribution, this value of m corresponds the standard
deviation 8G=20-25%. The p value for the CeO,
particles is about 1.02 (8G=12-15%). Thus, the
measured particle size distributions are the narrow
functions. The real part of the particle refractive index
is measured by the FST technique. The image part of
the particle refractive index is determined by the novel
spectroscopic method. A dispersion of the particle
refractive index is not founded. The obtained values of
complex refractive index for the ash particles are in
good agreement with the data [3].

4. Summary

A simple method for determining the particle mean
size, and the image part of the refractive index of
weakly absorbing particles in a dusty plasma flows is
proposed. A schematic of the instrument realized the
complex of optical methods for determining the particle
temperature, mean size, concentration and complex
refractive index is presents. The complex use of the
presented optical methods does not requires a
knowledge of the particle mean size, complex refractive
index and its spectral dependence. The developed
methods have been successfully used in the dusty
plasma flows for determining the particle temperature,
mean size, concentration, complex refractive index and
radiative properties (the emissive ability, the single-
scattering albedo). The measurements have been made
for the particles with the different sizes and refractive
indices. The complex refractive indéx of CeQ, particles
for high temperatures was obtained first.
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High power density dusty matter collected as a source of hard x-ray
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1. Introduction

We consider the creation of a high power density
matter (HPDM) configured in a low pressure discharge.
Our prime goal is to produce and study a "dusty” - like
plasma followed by an intense energy deposition into
this medium. The anomalous absorbing (stopping)
- power phenomena related provide to use this media as a
working one for high power sources of radiation
including hard x-ray. We present below the basic
physics used to create HPDM. This is followed by a
brief description of the experiments related and results
obtained on hard x-ray generation. _

The never-ending and exciting physics of pulse
electrical discharges in vacuum and at low pressure
have allowed to study even dense plasma phenomena
like cathode micro drops and hot spots [1-3].. The
occurrence and physics of anode spots are less
investigated [2,4]. Theory is led by experiment here,
and the summing up both the knowledge available for
particular processes in discharges and hot dense matter
physics itself allows hopefully to formulate the set of
conditions for getting a new quality, in particular, for
the possible simple ways of HPDM production.

2. Basic remarks.

We are looking for to realize few cumulative (or
high local power density) effects for our aim: to collect
- HPDM originated from clusters or dust grains in the
inter electrode space [5]. As a reference system we
consider the hollow cathode ns discharge scheme at low
air pressure [4] which have been modified reasonably.

First, a well known fact is that the initial
clectronic beams issued from hollow cathode are
converging at a near-axis area. This feature together
with a variation of the cathode - anode distance is a
way to get a maximum current density jn.. at the axis
for particular electrode configuration.

Second, the choice of the anode configuration
itself may essentially increase the efficiency of its
heating by pre-breakdown electron beams. In fact, the
anode power density related may be higher than known
values 10 *° W/cm’®, being effectively close up to laser
action of 10'""° W/cm? {1,2]. For example, it can be
realized as a result of “scanning” of ring-like anode
sharp edge by avalanche beams with high power
density delivered on a small surface (w, ~10°¢ Jem®).
Additionally, the special choice of the anode geometry
may provide the focusing of explosive evaporated
matter on the axis during their expansion into vacuum

‘clusters,

(its cooling associated partially with the adiabatic one).
The expansion process of the anode flare and
oversaturation of concentrated anode vapours on the
axis is accompanied by the compact collecting of
nucleated microdrops, accelerated
microparticles, etc. at the fixed place beyond the
electrodes. The degree of condensation is estimated as
high as 0.2 - 0.5 [1]. The analysis of the experiments
shows that the dust grain (cluster, microparticles) size
may typically vary from 0.01 to 1 pm under certain
conditions [2,6]. Thus, an unique combination
configured of both solid density and gas-plasma
“target” medium may be “prepared” behind of anode
flare front directly before breakdown.

Just after, the further anomalous deposition of
external energy into this condensed phase obtained in
vacuum (beams-clusters interactions and their ns
heating by postbreakdown current), may provide a
large number of well-collected micro plasmas with
extreme temperatures and densities inside of each ones
(mult-keV electrons, n, ~10°*% c¢m™). In fact, Joule
heating j*.z/Omin uUnder anomalous low conductivity
Olim ® Op/47 [7] (0 is the plasma frequency) due to
current- and beams-driven instabilities have to allow
the very effective energy deposition (up to 10"* J/cm®
): the plasma spot conductivity oy, (T) will decrease at
any stages of the hydrodynamic expansion (Tesnd <
1ns), supporting the overheating of dense plasma.
Correspondingly, the process of destruction of dusty
grains by high density currents (~10%-10°A/cm?) have

'to be accompanied by x-ray radiation during expansion,

cooling and recombination of the dense hot
microplasmas created (se¢figures 1-3 below).

Note that the x-ray production and the energetics
related - is of similar origin as that due to the volume
irradiation of clusters by intense laser pulses [8], but
differ of high current z-pinches. The role of intracluster
processes, inner-shell excitations and anomalous x-ray
emission under direct ¢ and i beams deposition have to
be discussed also [9], as well as some elements of other
cluster ionization mechanism models [10].

3. Experiment

The application of the general scheme described
above is performed using a hollow cathode, a
cylindrical anode and a low inductance ns discharge at
low pressure (10°-102 mbar). The electrode typical
diameter is 5 mm. A Marx generator provides a 70 kV,
50 ns, I = 1 kA pulse and a stored energy of 1 J
[4.5]. The spatial distribution of the emitting hot spots
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has been determined using a sensitive imaging device
and a rapid scintillator. The exposure time may be as
short as 5 ns. During a single pulse, when the voltage
is applied, the “dusty” anode matter is first created and
focused in the interelectrode space. After breakdown,
this dusty plasma-like medium is transformed into
HPDM (on the background of rather dilute post
breakdown plasma). The radiation with wavelength
A<0.1 nm of this HPDM is registered during 10 to 40
ns, through appropriate attenuators. It may have the
shape of a 1 to 4 mm diameter "ball" (figures 1-3) of
collected micro plasma hot spots. To illustrate, figure 1
shows an example of initial stage, figure 2 the
maximum of hard x-ray intensity (which correspond to

current maximum) and figure 3 represents the end of -

the x-ray "ball" emission (intensities are inverted).

The shape and space structure of the "ball", its
duration, the intensities, the microplasma parameters,
the microstructure of anode surface after few hundreds
shots, etc. have been studied and will be presented.

Fig.1 Hard x-ray from anode hot spots collected
{ Jimm

Fig 2. Radiative maximum (hard x-ray “ball”)

4. Concluding remarks

Thus, absorbing (stopping) power of media of
dust grains (clusters) with very small volumes and near
solid densities is essentially higher compared to both

Fig.3. Recombination of the rest of “ball” formation.

plasma (gas) and solid sample targets, i.e. looks more
optimal for HPDM production. A relatively small
andcheap low energy ,device provides the well
reproducible generation of high power density matter
configured (with energy densities up to ~10"% J/cm®).

This result is similar to high-intensity laser (10'*®
W/cm?) focusing on clusters [8-10], but the way used
here seems as a more effective and simple. ( In terms of
[4], fig.2 view looks as the “anode ectons® collection).
HPDM obtained may play the role of working media
both for technologies and basic studies (electronics, x-
ray lasers, energy conversion, astrophysical
simulations, etc.). In particular, this compact table-top
design, flexibility,with a sufficient photon number at
efficiencies about 0.1-0.3% (with power ~10°-10° W)
looks promising for special types of hard x-ray sources
(for example, the x-ray images of living organisms may
be captured before any absorption kinetics can happen).

We acknowledge with thanks the stimulating
discussions with A.A Rukhadze, -G.Maynard, J.Dufty,
partial support of this work by NATO Linkage Grant
HTECH.LG 960803, and technical support of Kodak
Corp. for special films presented.
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1. Introduction

A goal-oriented experiment to the quest and research
for specific manifestation of interparticle interactions in
optical spectra of non-ideal hydrogen plasma has been
realized. The absorption spectra in Balmer region
(250-750 nm) have been studied in two conditions
characterized by temperatures 18000 K and 23000 K
and densities 6.6x10'® cm® and 1.6x10"° cm?3,
respectively. Spectral distribution of plasma absorption
coefficient turned out different of principle in these two
cases. In the first case the absorption spectrum of
plasma answered the conception [1], conventional for
weakly non-ideal plasma, according to which a
disappearance of spectral series highest members is
totally compensated by continuum enlargement in the
same spectral region. In the second case we observed
the pronounced “clearing-up” effect predicted [2],
when this compensation does not happen, and the
plasma absorption in a disappearing lines region is
substantially lower than expected one (on the basis of
unperturbed density of oscillator strengths [1]). The
effect observed may be caused by collective modes and
plasma microfields action on atoms under strong
Coulomb correlations between free charges in a dense
plasma (Section 4 and refs therein). ‘

2. Experiment

Plasma “clearing-up” was revealed previously in air
and noble gases [3], but all attempts to get this in
hydrogen plasma suffered a reverse [4]. A main
problem was a creation of the pure hydrogen plasma
with high electron density and well-diagnosed
parameters. In this work we succeed in getting it due to
use of specially constructed plasma source based on a
pulse discharge in closed quartz capillary [5]. The
plasma obtained by this discharge is quasi-stationary
and fairly volume. To aveid the wall ablation we reduce
pulse duration to 3 ps. Capillaries of square cross
section of 1x1 mm? and a length of 10 mm are used in
experiment. Small transversal size of the capillary
provides the optical plasma transparency sufficient for
direct transmission measurements in visible spectral
region. All optical measurements are made at the
temperature pulse maximum with time resolution of
0.3 ps. Spectra are recorded by optical multichannel
analyzer coupled with a spectrograph giving a spectral
resolution of 0.6 nm. ;

Plasma temperature 7T is evaluated from

independent measurements of brightness b, and
transparency f, =exp(—k;/) at wavelength A=632.8 nm
corresponding to the generation line of He-Ne laser.
Transversal profiles of b, and #, (with spatial resolution
of 0.1 mm) are used to obtain the temperature profile.
The temperature is fairly homogeneous within hot near
axis zone having a width of l.g=0.7540.05 mm. The
radial distribution of plasma neutral density N is found
from the temperature profile and from the conditions
[5] for invariance of the mass and the constancy of the
pressure over cross section. The electron concentration
N, in the hot zone of discharge is calculated from Saha
equation at the known T and N. The relative error in
the definition of plasma temperature is estimated as
3 %, of density and electron concentrations around 6%.

3. Method of calculations

To clarify the possible density effects we have to
compare the measured absorption with the calculation
based on consequent weakly. non-ideal plasma
conception. In the spectral range investigated the main
contribution to the emission (absorption) comes from
the Balmer spectrum. The line intensities are calculated
taking into account the dissolution due to destruction of
the bound states under the influence of the quasi-static
plasma microfields. The probability /7 that the state is
still bound, is defined as the integral of the quasi-static
microfield distribution function from zero to the critical
value of the field /, for which the state is found at the
top of the potential barrier formed by the interaction of
the ionic microfield with the atomic core Coulomb
field. If the microfield is assumed as uniform on the
atomic scale, then for the state with the ionization
energy E in the case of isolated atom, we have
F.=FE’/4¢’. In the calculation we use the Hooper’s
distributions for a neutral point [6]. Profiles of H, and
Hj are calculated according to [7], while the following
Balmer lines are almost completely dissolved and their
profiles are not important.

The Balmer photoionization cross sections are
calculated from the exact quantum mechanical
equations [8]. Other photoionization and inverse
bremsstrahlung cross sections are calculated in the
Kramers approximation with the corresponding Gaunt

- factors from [9] and [10], respectively. The Balmer

photoionization cross section is continued over the long
wavelength threshold with the factor 1-W(A),
assuming that the total (lines + continuum) density of
oscillator strengths is conserved (the loss in the line
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oscillator strengths is compensated by the continuum
extension).

4. Results and discussion

As an example, spectral emission intensity
measured in the case of higher temperature and density
is presented in Fig. 1 by curve 1. The optical thickness
here is closed to 1 and more than 1 in the region of H,,.
Curve 2 shows the intensity under the assumption that
the plasma is optically thin (i.c. all the radiation goes
away from the capillary).

T = 23000 K
N, = 1.6x10" cm™

1,5x10°
1,0x10°

5,0x10°

Spectral intensity, W/(cmzcm sr)

L
=)

L i I 1 1

300 400 500 600 700
Wavelength, nm

Fig.1. Emission from the short pulse discharge.

Absorption spectra, obtained from plasma emission
spectra by Kirchhoff-Planck equation, are presented in
the Figs. 2 and 3 in comparison with calculations. The
relative experimental error is about of 7%. For highest
density (Fig. 3) we present two experimental curves for
different discharges under the same conditions (for
curve 2 smoothing is applied). Analysis of the results
obtained shows that deviation of experimental
absorption from calculated one starts for hydrogen
plasma at n, & 10" cm™.

This density effect in opacity of pure dense
hydrogen plasma can be interpreted as the
manifestation of essential perturbation of density of
oscillator strengths in comparison with isolated atom
picture. It is characterized by relative “clearing-up” of
hydrogen plasma spectra as the density grows. Note,
that the data presented in Fig. 3 correspond to maximal
value of N, achieved up to now [4, 11]. The effect
observed now at first for hydrogen reliably has been
discussed during last two decades as well as the
“transparency windows” for plasmas of complex
elements [2,4,11]. Obviously, this phenomenon
registered (redistribution of absorption along the
spectrum) for hydrogen even under rather moderate
plasma density may provide the new stage for true
description of radiative opacities and energy transport
in laboratory and astrophysical dense(coupled) plasmas.

This work is supported by a contract of the ‘Club
Arc Electrique’ of the Electricité de France, by NATO
Linkage Grant HTECHLG 960803,) PECO CEI
program and RFBR Grant 94-02-05464.
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Radiation of dense helium plasma produced in flashlamps

Y. Vitel', M. El Bezzari', L. D'yachkov2 and Yu. Kurilenkov?
"Laboratoire des Plasmas Denses, Tour 12E5, Universite P et M Curie, 4 Place Jussieu, 75252 Paris Cedex, France
“Institute for High Temperature, Russian Academy of Sciences, Izhorskaya 13/19, Moscow 127412, Russia

1. Introduction

Noni-deality effects in densec plasma radiation of
different elements have been under investigation for
during recent years. However, continuous spectra of
helium plasma presented in this paper, were
investigated earlier rather poorly because of the
problems of plasma generation. Being between
hydrogen and complex atoms, helium has the defined
principal advantages for studying the plasma density
effects in radiation due to spectra simplicity and
absence of the linear Stark effect. In this work, helium
high pressure arcs are created in linear flashlamps.
Those plasmas have a good cylindrical symmetry, are
very reproducible and in local thermodynamic
equilibrium. On axis electron densities achieved are in
the range 2x10"" - 1.7x10"® cm™ and temperatures in
the range (2-3)x10* K. In these conditions, the mean
interaction potential energy between charged particles
E, is not small compared to their kinetic energy Ej.
The ratio I' = EJE, is in the range 0.1-0.2. The
number of particles in the Debye sphere is small and
around unity. Then, flashlamp as plasma source is a
very convenient and efficient tool to study non-ideality
effects in moderately dense plasmas spectra [1,2].

2. Experiment

The plasmas are produced in fused quartz linear
flashlamps whose inner diameter is 5 mm and distance
between electrodes 100 mm. These lamps are filled
with pure helium at initial pressures from 50 to 500
Torr. The gas breakdown is performed by applying a
high voltage pulse (30 kV, 1 ps) on an auxiliary
clectrode. Then a low current (=1 A) simmer is
maintained during 12 ms before triggering the main
discharge to ensure the discharge centring on tube axis,
and to minimise the plasma-wall disturbance
phenomena [3,4]. The main discharge has a maximum
current intensity in the range 0.5-1.5 kA and its pulse
duration at half height is around 100 ps. Three
spectrographs with different dispersions are used to
measure the spectrum. Each of them is coupled to an
. intensified optical multichanel analyser mono- or bi-
dimensional. All spectral measurements are performed
during a short period of time (less than 1 ps) at the
maximum of the current, when the best filling of the
plasma is obtained inside the flashlamp. For
standardisation purposes, we use a calibrated deuterium
lamp in the wavelength range A < 350 nm and a
tungsten ribbon lamp for A > 350 nm. The wavelength

scale is absolutely calibrated using spectral lamps. The
different methods of diagnostics used to determine the
radial profiles of particles and temperature are based on
measurements of continuum intensities, neutral line
intensities and opacities, and infrared laser
interferometry (3.39 um). The plasma parameters
deduced from continuum and line intensities on the
basis of ideal plasma calculations, are in disagreement
with those deduced from opacity measurements (for 7)
and interferometry (for N,). But, if we take into account
the effect of the statistical ionic microfields on the
atomic levels in the calculation of the continuum and
the line intensities, a good agreement is obtained in the
evaluation of the plasma parameters by those different
methods. '

3. Theory

Radiation spectrum of helium in the considered
conditions, is formed from bound-bound (spectral
lines), free-bound (photorecombination) and free—free
(bremsstrahlung) transitions in neutral atoms. The line
broadening and shift are calculated according to Griem
[5], while the line intensities are estimated taking into
account the line dissolution due to destruction of the
radiating levels £ under the influence of the quasi-
static plasma microfields. If the microfield F in the
point of the radiating atom placed is strong enough,
more than a certain critical value F(E), the level is
destroyed. The probability of the level realization is
then defined as the integral of the microfield
distribution function

F(E)
W(E) = jo P(F)dF.

We use the quasi-static distribution function of Hooper
[6] for a neutral point and take FAE)=E*/16¢°
assuming that the microfield is mainly created by
nearest ion [7].

The photorecombination and bremsstrahlung are
calculated using the semiclassical approximation in the
framework of the quantum defect theory [8,9].
Assuming that the density of oscillation strengths in
the near-threshold region is conserved [10] and
redistribution of oscillation strengths along the
spectrum is  impossible, we continue the
photorecombination continuum multiplied by the factor
1-W over its long-wavelength threshold in order to
compensate the decrease of the line intensities. Near
the ionization threshold W — 0, while W -» 1 far off it.
Therefore, the line series passes gradually to a
continuum. The free-bound & function is shown in Figl
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for a few values of the electron density. In the case of
N, — 0 our calculation is in a good agreement with that
of Hofsaess [11].

The emission coefficient have been calculated for 36
points on the tube radius taking into account the
temperature and density profiles obtained. By
integrating the results, we can then estimate the total
spectral intensity from the flashlamps, since the plasma
is optically thin for all the wavelengths, exept the core
of the 587,6 nm line, where the measured data have
been corrected, and so the whole spectrum can be
considered for the effectively thin plasma.

£¥ function

— — — Hofsaess
——— present

0,2 L
200

00 500 600 700

Wavelength (nm)

300

Fig. 1. Free-bound & function of helivm, T = 15000 K.
4. Results and discussion

In Fig. 2 the measured and calculated radiation
intensities from the flashlamp are presented. In whole a
satisfactory agreement is found, which is better for the
red part of the spectrum. This may be explained by the
fact that the quantum defect method is more accurate
for small frequencies. However, other reasons are
possible too. Indeed, for the diagnostic we use the 587,6
nm line and 780 nm continuum intensities. So it is not
surprised that the neighbouring region is more
accurately estimated. We have got a good agreement
for the 587,6 nm line intensity, while for other the lines
it is underestimated or overestimated. One of the

* possible reasons is the dependence of the critical value

FAE) on the orbital quantum number /, which is not
taken into account in the present calculations. Near-
threshold area at A > 400 nm needs further analysis at
higher density.

S. Conclusions

The radiation of helium plasmas measured at first at N,

- = 10"® em™ is in a good agreement in whole with the

calculations based on the unpertubed densities of
oscillator strengths and statistical action of microfields
on radiators [10]. Last one provides smooth extention
of the continuum and may be considered as a density
effect itself, namely under moderate plasma densities.
The consequent taking into account of this effect is

I-191

necessary to obtain a good agreement in the
determination of the plasma parameters between the
methods based on emitted radiation and other ones, and
then - between the measured spectra and calculations.
This work is supported partially by NATO Linkage

Grant HTECH.LG 960803.
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Fig. 2. Radiation intensity of helium plasma in spectral
regions 370-490 nm (a) and 540-830 nm (b) from a
discharge with axis temperature 23000 K and electron
density 1.05x10" cm™.
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Probe Induced Interpenetration
and Circulation in Plasma-Dust Crystals*

D. A. Law! W. H. Steel, B. M. Annaratone and J. E. Allen
Department of Engineering Science, University of Ozford,
Parks Road, Ozford OX1 3PJ

Introduction

Dust particles injected into a low pressure, capaci-
tively coupled RF plasma collect negative charge as
they fall through the plasma due to the greater mo-
bility, and hence flux, of the electrons with respect
to ions. Particles continue to fall until the force of
gravity is balanced by the force due to the electric
field in the sheath, and by the drag forces present
due to asymmetric ion and neutral bombardment. Un-
der certain conditions a suspension becomes strongly
coupled, where the energy of interaction between the
charged particles significantly exceeds their kinetic en-
ergy and the particles arrange themselves into solid,
2-D crystalline structures of several layers.

A Langmuir probe introduced above such a crys-
tal is found to affect its structure and properties sig-
nificantly — inducing convection-like circulation amid
solid, crystalline islands.

Experiment

Spherical melamine formaldehyde particles, ¢ =
15um, are injected into a 13.56 MHZ plasma of ar-
gon sustained between two parallel electrodes, through
a hole in the top, grounded electrode (as in [1, 2]).
Pressure is in the 10~! torr range, with power ~ 5W.
The particles gather 1cm above the lower, driven elec-
trode, within the slight potential well of a copper gas-
ket placed on the electrode (see figure 1). They lie
within 2mm below the visible plasma-sheath edge.
The probe, Ta, ¢ = 0.125, 0.25 or 0.5um, is placed
roughly 5mm above the plasma-sheath boundary. The
potential on the probe is variable, between —20 and
20V to ground. Parameters which can be adjusted in-
clude the pressure, power, probe voltage and diameter,
dust material and density.

The dust suspension is illuminated with a HeNe
laser, made planar by an arrangement of lenses, fo-
cused to a line through the suspension. Scattered light
is recorded in real-time using a video camera, con-
nected to a computer. This data is analysed using a
workstation, providing information about the velocity

*Funded by the EPSRC
tSupported, in part, by an Overseas Research Scholarship
administered by the CVCP.

and trajectories of the particles, as well as their tem-
perature. In some cases, the camera is set up to record
the probe-crystal interaction from the side, giving in-
formation about the vertical properties.

Observation

Figures 2 and 3 display a single image, and two seconds
of overlapping frames respectively, of a crystal with
a probe above (seen as a diagonal line). This single
image does not provide much information, but viewed
over time the features become quite clear.

Below the probe, a rigid elliptical crystalline area
is formed, comparable in shape to the probe (indica-
tive of the probe sheath), toward which the surround-
ing crystal continually streams; interpenetrating 1 — 2
intergrain distances. The increased density resulting

£
E crystal
8 yi
probe —— .
. -~ Pumping—
aser
gas in :
electrode
with gasket

. Figure 1: Schematic of the Experiment
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Figure 2: Probe-Crystal interaction — Top view. One

video frame is displayed.
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Figure 3: Probe-Crystal interaction — Top view. Two
seconds of overlapping video frames (50 frames) are
displayed.

from the geometry forces the interpenetrating grains to
fall to lower layers where a new crystal is constructed
(see figure 4), suggesting that, for small inter-particle
distances, the charge balance on each grain is not suf-
ficient for levitation within the local electric field.

Once in the lower layers, particles counter-stream,
closing the loop, far from the probe disturbance at the
boundary of the suspension (see figure 4). Adjustment
to probe voltage alters these properties: when more
positive, the crystalline ‘island’ becomes smaller and
more tightly bound, with the particles around stream-
ing much more quickly; when more negative, the ‘is-
land’ is larger, less bound, and the particles circulate
more slowly. At a certain point, the island is no longer
obvious, and the particles are repelled from below the
probe.

Convection-like circulation has also been observed
near the boundary of the suspension, with a probe,
likely due to the horizontal component of the electric
field; and without a probe, possibly caused by a non-
uniformity in gas-flow.

e -qvayg:-v
¥k

Figure 4: Probe-Crystal interaction — Side view. In-
verted (single) image with marked features.

Discussion

A possible explanation for this phenomenon is that the
flow of ions, with the Bohm velocity at the sheath edge,
is perturbed by the presence of the probe, increasing
the ion density (in a specific region) above the value
predicted in the absence of a probe [3]. This would al-
ter both the potential distribution and the horizontal
electric field. Another possibility is that the negative
particles are attracted to a positive probe, creating
a solid region by compression; due to the ‘pressure’
associated with the inwardly streaming particles. A
detailed study of the effects of probe voltage, position,
and diameter — with simultaneous measurements of
the field around the perturbing probe (using another,
smaller probe) — are necessary to explain the phe-
nomenon, conclusively. Further experimental and the-
oretical work is currently underway.
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Laser induced motion of micrometre size particles in rf
plasma sheaths *

W H Steel, D A Law, B M Annaratone, J E Allen
Department of Engineering Science
University of Oxford, Parks Road, Oxford OX1 3PJ

Introduction

The increase of interest in dusty plasmas has
led to observations of 2-D dust or plasma
crystals[1][2] and to demonstrations of crys-
tal phases, and how these phases are induced.
These dust assemblies are typically viewed by
illumination with a laser line (ie a 2-d plane of
light) and a camera, positioned so as to collect
the scattered light. We have seen that, as well as
providing illumination, a laser beam can also be
used to fracture a plasma crystal. The extent to
which fracturing occurs is dependent upon the
morphology of the particles which make up a
crystal.

Experimental setup

A capacitively coupled rf system at 13.56MHZ
is used to suspend various particles in an ar-
gon discharge. Dust, dropped through a hole in
the top (grounded) electrode, charges negatively
due to the higher electron fluxes over the ions. A
balancing of forces (electrical and gravitational)
causes the dust to suspend in flat layers just in-
side of the positive space charge sheath at the
lower (driven) electrode (see figure 1). A 5mW
HeNe laser line is used to illuminate the layers
of dust and a second 16mW HeNe laser beam is
used to fracture dust crystals (see figure 2).

Plasma crystals

Plasma crystal formation is dependent upon the
inter-particle Coulomb potential energy, deter-
mined by dust charge, and the kinetic energies of
the dust and the thermal motion of the particles,
determined by the amount of neutral gas cool-
ing, as well as by other factors. The Coulomb

*Funded by the EPSRC
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Figure 1: Experimental arrangement.

coupling parameter I', the ratio of these two en-
ergies, controls the phase of a crystal[3]. Melt-
ing (a decrease in T') is brought about either by
raising the rf power or lowering the gas pressure,
and solidification either by lowering the power or
raising the pressure. For a solid crystal the regu-
larity of the lattice depends upon the uniformity
of its constituent particles. The less homogenous
the dust, the less order there will be, as charge,
suspension height, etc., vary from one particle
to the next.

Crystal Fracturing

By using a focused, moderate power laser beam
(a few milliwatts) we have demonstrated that it
is possible to fracture certain solid crystal lat-
tices. Particles in the path of the laser beam are
forced out of their lattice sites and pushed in
the direction of the beam. Using several types
and sizes of dust we observe that the morphol-
ogy, physical properties, surface properties, etc.,
of particles in a crystal determines the extent to
which laser fracturing can occur. Four particles

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




Figure 2: Fracturing a plasma crystal.

which have been used are:
e tungsten powder, 1 to 5 pm diameter

e tungsten’ powder, maximum diameter

100pum

¢ carbon toner particles, 0.3 to 30 ym diam-
eter

¢ melamine formaldehyde MF spheres, 14 um
diameter.

Using a variable neutral density filter and laser
we find that a crystal of the highly dispersive
carbon is the easiest to fracture (laser inten-
sity less than ~8mWmm™2).. A crystal of the
smaller tungsten powder breaks with a focused
laser beam of greater than ~40mWmm~2. Crys-
tals of the larger particle size, 100 pm tungsten
and the highly uniform lattice of MF particles,
do not fracture (maximum focused laser inten-
sity is ~150mWmm~2). An examination of the
nature of the fracturing force lead us to discount
thermal forces, due to temperature differences
across the dust, because of the small dimensions
involved. A more likely mechanism is radiation
pressure — A beam of 10mW, ¢ = 1lmm, will
exert on a 30um grain a force of 3 x 107N,
and give an unbounded grain of mass 10~1Kg
an acceleration of about 3 mm/s2.

Determination' of  Inter-
- Particle Forces '

Using a laser beam, measurements will be made
_of the force required to fracture a crystal, see

Figure 3: Energy and Force between two
charged particles.

figure 3. The nature of the repulsive force is
clear but it is intended to obtain information on
the attractive forces which are believed to be
present. The possibilities include:

(a) a bond associated with localised ion space
charges, and

(b) an attractive force due to the imbalance of
ion impacts on the surface of the particles.
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Numerical Analysis on Fine Particle's Behavior in an Ion-Beam Plasma System

N. Ohno, M. Nakamura, S. Nunomura, and S. Takamura

Department of Energy Engineering and Science
Graduate School of Engineering, Nagoya University, Nagoya 464-01, Japan

1. Introduction

The investigation of dusty plasmas has received con-
siderable attention in various fields of plasma physics.
In order to do a comprehensive study of dusty plasmas, it
becomes quite important issue to generate the dusty plas-
mas with a large volume in a steady state[1-5] .

We have constructed a modified double-plasma
(D.P) device equipped with the feeder of fine particles as
shown in Fig. 1(a), which can make an ion-beam plasma
system where the gravity force on a fine particle could
balance the friction force between the particle and the ion
beam . Figure 1(b) shows the typical distributions of ion
beam density n,_ and plasma density . The n, decreases
due to an elastic and a charge exchange collisions. The
mean free path of an argon jon is estimated to be about
Scm at 1mtorr of argon gas pressure. The detail of this
device is described in Ref. [6]. The main purpose of the
present paper is to discuss conditions to sustain fine par-
ticles in the ion-beam plasma system by using simple
. model. '

2. Numerical Analysis

In this section, we show numerical analysis on the
forces acting on a fine particle. The ion drag force F;
- acting upon a charged particle generated by a Coulomb
interaction has two parts, the collection force F, showing
an effect of the direct collision between a fine particle
and an ion, and the orbit force F;, due to the deflection of
the ion orbits [4]. Figure 2(a) shows the dependence of
the ion drag force on the ion beam velocity Vi, In this

figure, we assume the argon target plasma with 7 ~ 2eV,_ )

T, ~0.1eV, no ~10®m™ , and the fine particles with rq
~1.0x10"m and p =1.8x10°kg'm™. The beam density n,
is assumed to be 10"m™. These parameters can be ob-
tained in our device as shown in Fig. 1. Fiis found to
have a strong dependence on V;. F; increases with an in-
crease in V, to have a peak at V,~6x10? m/s. Further in-
crease in V;, leads to decrease in F; , because the impact
parameter is rapidly decreasing as increases Vo Itis

found that the F; overcomes the gravity force in two
ranges of beam velocity from 73m/s to 2800m/s and
more than 17000m/s. In Fig. 2(b), the ion drag force is
ploited as a function of ion beam density n, at
V,~1.0x10*m/s. F, is found to be proportional to n, and

Energy

(@) Probe
analyzer

Filament

P4
LIRS

E--;--u'--v-n.- >d "

6 (b) . Y r 0.6
s |E . 4 05
— — T ]
i~ .
Eel SN 18
wn . —
osf * 7 N, {032
hant \ *
= F v e \ 3
2 - _)_e. N 02‘_03
F o0 N, ®
1L RRE S 401
i T .:_—.—’
o b I \ L R ael,
0 10 20 30 40

z position [cm]
Fig. 1 Experimental setup: (a) schematic of experi-
mental apparatus, (b) typical profiles of plasma den-
sity n, and ion beam density n, at 30eV of ion beam
’energy,
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overcomes the gravity force aboven ~ 2.0x10“m".

Figure 3 shows the threshold value of ion beam density
n, , which is necessary to sustain a fine partible, as a func-
tion of V. At the region above each line in the figure, Fis
larger than the gravity force for a fine particle with each r,.
The threshold value is dramatically increasing with an in-
crease in r, , because the mass of the fine particle is propor-
tiorial to the cubic of the r,. Comparing between Fig. 3(a)
and (b), at higher electron temperature T, the threshold
beam density is found to be getting smaller, which is due to
a T dependence on the charge of the fine particle through
the magnitude of floating potential. These analysis indicate
that fine particles could be sustained in the target plasma
due to the ion drag force in our device.

3. Conclusion

In order to investigate basic physics in dusty plasmas:,
a new dusty plasma generator has been constructed. Nu-
merical analysis shows us the condition of balance between

the gravity force and the ion drag force on the fine particle.

- Plasma parameters in this device shows suitableness for
dusty plasmas generation.
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Fig. 3 Threshold value of ior beam densityn, to bal-
ance the ion drag force F, and the gravity force as a
function of ion beam velocity V, at: (a) electron tem-
perature T, ~ 1eV and (b) T, ~ 6eV.
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GENERATION OF CARBON CLUSTERS AND FULLERENES
IN ARC JET.

G.1.Sukhinin, O.A .Nerushev

Institute of Thermophysics, Novosibirsk, 630090, Russia

Since the discovery of fullerenes, it is still a Cy clusters on k is quadratic; the dependence of

miracle why fullerenes (the most symmetric C, fullerenes cross sections on k is linear again.
spheroidal molecules) have very large yield in the Therefore, carbon clusters are dramatically
graphite contact arc reactor with helium different from compact clusters, whose collision
atmosphere but low yield in pgraphite laser cross scctions are proportional to k**.

ablation experiments? Why carbon clusters have Obtained cross sections and some simple
very specific non-monotonic mass-spectrum with assumptions  on clusters  and fullerenes
the pronounced gap in the region of n=25-35 reactivities were wused for calculation of
atoms per cluster C_, even-odd alternation that is Smoluchowski equations for clusters formation in

different for small and large clusters? Usually, a flow of carbon vapour in helium after graphite
the answer is searched in fullerenes stability and contact arc. For description of the flow of C-He
different possibilities of reactions of various mixture from inter- electrode gap, it was assumed
carbon clusters. In this paper, we present a model that the turbulent radial jet is formed. The
of carbon clusters formation, which connects the Gértler theory for turbulent mixing is applied to
above mentioned peculiarities of carbon clusters the  problem of a radial jet. Magneto-
mass-spectrum with their spatial structures and hydrodynamic model [2] of flow in the high

related  effective collisional cross sections of current arc were used for taking into account the
carbon clusters. real parameters of plasma reactor for fullerene

Carbon clusters exist in different isomeric production and finding of flow velocity in arc jet,
forms [1] : linear chains, mono- and poly-cyclic v, ~ Plp. This model is used as a basis for
rings, and spheroidal forms (fullerenes). transition from nonstationary kinetic equations to

the description of the radial dependent stationary
fields of relative concentrations ¢, at the distance
r from interelectrode gap with the initial
condition in that gap for the density of carbon
vapour and initial velocity of carbon-helium
mixture at the exit from the inter-clectrode gap of
the radius r, (N_ and u, ). As a result the following
system of equations for clusters relative
concentration ¢, were obtained:

Collisional cross sections, O ik, between all these
structures and constants, Ku’ for  clusters
formation in the process C+C; were calculated
taking into account their rotation during
collisions. For example, the effective cross
sections of carbon atoms collisions with C,
clusters change linearly with the k number and
depend on the structure of clusters; the
dependence of cross sections of linear and plane

k .
dc Nr (= >
f S c’0 _ - 2
dr Ir E Kejii G E Ky ¢ - Kug 0
Iy b ‘A Fl '
The analysis of system (1) and the the problem that determines the fullerene yield at
hydrodynamics of the flow in an arc and reactor the reactor walls, R :

allows us to find out the modelling parameter of
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where Q is the carbon mass flow rate, p is the gas
pressure, R, - is the radius of reactor chamber, I is
the arc current, #, is the molar mass of buffer gas,

0,,, m; and v, are the collisional cross sections,
the mass and thermal velocity of carbon atoms, r,
and b, are the paramecters of the inter-clectrode
gap, initial velocity of gas is uy=xv,, <P>/y2 = 1.
Figure 1 shows cluster size distributions at
=25 for different initial conditions: curve 1 -
¢,%=1, ¢,%=0 for k>1; curve 2 - ¢,%=0.1, ¢,’=0.45,
c%=0 for k>2. (Note here, that Z ke, = 1, in
accordance to the total carbon mass conservation).
It is found that the initial distribution of clusters is
relatively unimportant for large cluster size
distributions.

Figure 2 shows the comparison of fullerene yield
on the modelling parameter, X, with the
experimental data [3,4] for different arc currents,
helium pressures, and inter-clectrode gaps, b,.

Figure 3 shows the partial rate constants of the
Ci, formation in C; + Cgn, pair collisions for
- different radial distances X = 25, .50, 100. This
constants were defined from the known cluster
structure and solutions of (1).

Thus, the present results reveal the crucial role.

of collisional cross sections of carbon clusters and
gas dynamic processes on the evolution of carbon
- clusters and fullerene formation.
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Introduction

Silicon carbide is intercsting for its high
thermal conductivity and high temperature stability
when looking at it as a support for catalysis material
and Palladium has catalvtic propertics which are closc
to these of platine (Pt). for a lower cost. An integrated
process for elaboration of silicon carbide ultrafine
powders, coated by thin Pd [ilms. is described

Powder synthesis and characterization

The first step is the synthesis of the powders
by a 13.36 Mhz silanc /methane mixture diluted in
argon low pressurc discharge. Two growth routes were
investigated which led to different tvpes of materials in
terms of cristallinity and size distribution. Thesc
differences are due to the RF power level and the
introduction time of the methane which are not the
in both cases. Wec used infra-red (FTIR)
spectroscopy to  detect  Si-CH;  bonds.  X-ray
-photoelectron spectroscopy (XPS) allowed us to obtain
the - surface composition of the powders and a
measurement of the specilic surface by BET technical
showed these powders arc very porous.

In the first way of production {called process
n°l). we used a rather high power (80 W. Vo = 830
V) and the silane (~ 2.3 sccm) and mcthane (~ 9 scem)
were introduced simultancously. The typical plasma-
on time was 20 s. The collected powders were
analyzed by XPS. focussing our interest on the C(ls)
and Si(2p) shapes. The fitting result are sumumarized
on table L.

Table I: XPS results (calibration with respect to C(ls)
binding energy at 284.6¢V)

position pereentage altribution
99.7 eV 10 % Si-Si

Si(2p) 1008eV 63.8% Si-C
102 eV 242 % Si-O

T meW I C-C.C-H.C-Si

As can be seen. the Si-C bonds represent 66% of the
whole bonds which involve Si aloms. An excess of
carbon is proved by the valuc of

the ratio 1-X = [C]/{[Si]+[C]} which is equal to 0.6.
Information on the particles material is also obtained
through FTIR spectroscopy. The obtained spectrum
presents vibration modes attributed mainly to Si-CH;
and Si-H. groups. Finally the size distribution as
studied by MET (see fig. 1) is found to be a broad
one: the mean size is equal to 152 nm and the standard
deviation is equal to 70 nm. A further inspection of the
distribution highlighted three main classes of particles
sizes (48-85 nm: 105-185 nm and 205-333 nm) which
correspond to successive generations of powders [1].

Figure 1: size distribution of powders collected with
the two processes
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powder synthesized
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An electronic diffraction analysis on these different
generations  led to the same diffuse rings
corresponding to a-SiC (hexagonal network). The fact
that the diffraction rings are diffuse suggests that the.
material is only partially crystalline, embeded in a
general amorphous structure.

As we were primarily interested to symhesne
particles with a restricted size distribution, we moved
to the second process described below.

This second process (called process n°2) is a
sequential one. An initial particle growth (3 s long) is
obtained in Argon (36 sccm) / Silane (2.3 sccm)
discharge and the Mcthane flow is added for 5 s for
further growth to SiC larger size particles. We avoid
the multi-generation of powder using lower RF power:
it was reduced to 20 Watts (V,, = 450 V) for the
whole 10 s growth sequence.

We first studied the chemical surface
properties  with  XPS  analysis. The peaks
decomposition results are summerized on table II.
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Table II: XPS results( calibration with respeet to C(ls)
binding cnergy at 284.6 ¢V)

posiljon percentage attribution
9953¢V  279% Si-Si
Si(2p) 10053eV  308% Si-C
101.8eV  243% Si-O
103.1eV  16.8% Si-O
C(ls) 2846eV 100% C-C.C-H. C-Si

The rate of Si-C bonds fall down to 31% and in the
same time the Si-Si bonds percentage increased to
28%. Moreover, the surface of the powders presented
an excess of siliciun: the ratio 1-X is equal to 0.4 and
the presence of Si-O- was detected which was not the
case for the powdcrs collected with the first way of
production. We explain the appearance of silicium
dioxyde by the fact the surface is no more saturated
with carbon atoms which preserve from oxyvdation.
They are probably oxydized during air exposure before
analysis. Converscly the Si-O percentage appears
stable whatever experimental conditions we  usc.
suggesting that these bonds could be created in the
reactor during the growth phasc.

FTIR spectrum (sce [igure2) presented the
same vibration modes as obtain in the first case.

Figure 2: FTIR spectrum of the powder collected using
the process n° 2 '
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A monodisperse size distribution is obtained. with a
standard deviation always lower than 30 nm.
Electronic diffraction rings arc not obscrved for these
powders, as was the casc in the higher power N°I
svnthesis.

Their specific area. as measured by BET. is very high
(115m*/g). a uscful property for further Palladium
coating.

Coating of the powders with Pd

The Palladium coating step is achieved in the
samc RF reactor ( integrated process).
The procedure is based on the electrostatic trapping of
the powders in the plasma glow [2]. When the
particles reach the wanted size, we stop the reactive
gas flows (Mcthane and Silane) keeping the Ar flow
and the RF power on. Thus the powders are trapped in
an Ar plasma. After 1 mn which is the required time
to pump all the reactive radicals (SiHy and CHy), we
introduce 6 Pd wires through slits in the discharge box
and we biase them at - 300 V. Then the Ar" ions
bombardment of the wires surface produces an
efficient sputtering as proved by the spectroscopic
measurement which allowed to observe atomic Pd
cmission. To obtain a better Pd diffusion in the
discharge box. we stop the Ar flow and the pumping
during the Pd coating to be in a stable plasma.
Another important point is that powders, which are
ncgatively charged in the plasma, are repealed by the
biased wires as observed by Mie scattering. To reduce
this phenomena. we pulse the wire biase at a frequency
f cqual to ! Hz and thus the powders swing at the
same [requency. XPS spectrum presented two shapes
in addition to C(Is). Si(2p) and O(ls) which binding
cnergy posilions correspond to metallic Pd. A high
resolution MET analysis showed that the powders
present 3 nm large Pd islands on their surface.
However. some of them are well coated and other are
not which is due to the volumic distribution of the
particles which is not homogeneous in the discharge
box. This result shows that the goal of an
homogencous coating on all the particles trapped in
the reactor requires a special care in order to insure
homogencous distributions  both for particles and
patladium vapor. '

Conclusion

This studv shows that SiCH particles can be
grown within a broad range of properties in terms of
size distribution and material characteristics. Particles

~of mean diameter 70-80 nm have been obtained with

narrow size dispersion in a two steps process and then
coaled with Pd in the same reactor. Catalvtic tests are
NowW in progress.
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Observation of dust levitation in a thermoionic low pressure discharge

C. Arnas Capeau, M. Mikikian and F. Doveil
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IMT, Technopdle de Chateau-Gombert
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1. Introduction

Space plasmas [1-2] and laboratory plasmas [3-5] are
often contaminated by charged solid particles from ten
nanometers to ten micrometers in size. In particular,
these dust particles have been observed in rf plasmas for
etching [3] or deposition processes [4], at high gas
pressure (~0.1 Torr). They are trapped in the plasma or
at plasma-sheath boundaries and tend to self-organize in
ordered structures [6-7]. Analytic models give the
charge of the dusts and the forces acting {8-9] on them
to explain their trapping.

We report here, a new example of dust levitation in a
collisionless plasma produced by a hot cathode
discharge, in a multipolar device, at low argon pressure
(5 10* - 1.3 10° Torr). The localization of the dust
trajectories over a negatively biased plate (not
necessarily in the center) is assigned to the variation of
the fast electron flux, due to the multipolar magnetic
field lines.

2. Experiment

2.1. Experimental set up

The plasma device consists of a stainless steel cylinder
(30 cm diameter and 40 cm length). The argon plasma is
produced by a dc discharge between the grounded wall
and two heated, negatively biased, tungsten filaments
(20 cm long and 0.03cm diameter). The fast electrons
(emitted by the filaments) confinement is provided by: i)
fixed separated permanent magnets, parallel to the
chamber axis, with alternate ‘polarization and /ii) two
floating potential plates, parallel to the two chamber
doors. A stainless steel plate (12 cm diameter)
negatively biased (at floating potential or biased by a
power supply) is located in the center of the chamber.
Glass micro-balloons (110 kg/m® mass density and
radius ~ 50 pm) are injected by a small dust dropper
located over the plate. This electrode intercepts the
magnetic fields of the multipolar device. So, the
inhomogeneous fast electron flux (gyro-radius of 1, 2
cm) produce perturbations of the electrode potential -
the different location of the dusts trajectories being a
signature of the potential variations -.

2.2 Situation and results

We have plotted the magnetic field variation in the
vicinity of the electrode and the corresponding fast
electron flux variation. A moving Langmuir probe gives
the plasma parameters variation according to the
magnetic field or according to the posmon on the
electrode.

Varying the three discharge parameters: i) the argon
pressure (probability of ionization), ii) the fast electrons
emission and iii) the fast electrons energy, we can
observe different dust behaviors: 1) gas, 2) “liquid”” and
3) solid (at pressure ~ 1.3 10° Torr) phases and in
special conditions: 4) individual dust low frequency
oscillations in the vertlcal plane, during their motion in
the gas phase.

Moreover, it is possible to trap a single micro-balloon in
the sheath edge. In that case, a model for the charging of
an isolated dust can be applied. This model must take
into account the fast electrons [10] emitted by the heated
cathodes and their secondary emission.

The oscillation frequency of the dust can be measured
and associated to their charge [7] in the potential sheath
electrode.

The forces acting on the dust grains in the electrode
sheath [8-9] are also estimated. We show that the gas
drag force as well as the thermophoretic force are
negligible with respect to the gravity force and to the
balancing forces: i) electric field force and ii) ion drag
force.

3. Conclusion

The first experimental results of dust levitation obtained
in a hot cathode continuous discharge look very
promising. In particular the solid phase obtained at low
pressure (1.3 10° Torr) is rather new and opens a new
field of study as well as the observed vertical
oscillations of the dust grains during their motion, in the
gas phase.
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Waves and instabilities,

including shock waves.
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Ion-electron instability in an electron—collec.ting contactor

V. Lapuerta and E. Ahedo
E.T.S.I. Aeronduticos, Universidad Politécnica, Madrid, Spain

Laboratory experiments with hollow-cathode
based plasma contactors [1] show that the structure
of the plasma around the contactor consists of a
double-layer(DL) that confines a quasineutral plasma
cloud (the core), mainly constituted by plasma emit-
ted by the contactor, from the external quasineutral
plasma (the presheath). Since the DL produces two
counterstreaming beams of energetic particles, it is
thought that current-driven instabilities are launched
on both DL sides. Our aim is to analyze the kinds of
instabilities that set up, taking into account the char-
acteristics of the plasma structure around the contac-
tor, like the presence of the DL, the quasispherical
geometry, and the boundary conditions. We proceed
along the usual way in linear stability theory, analyz-
ing the reaction of a stationary state of the plasma
field to small disturbances. Here, the analysis is
restricted to electron-collecting (anodic) contactors
and to frequencies in the range of the ion-electron
instability.

presheath

Figure 1.- Sketch of the model: J; and J,
are'the emitted and collected currents, respec-
tively; n. and n, are the densities of con-
fined electrons and ambient ions, respectively;
r = rp and r = rpo are the actual and mean
position of the DL.

In order to get a tractable model, we consider
that the contactor is a sphere of radius R, biased to a
positive potential, U, relative to the ambient, quies-
cent plasma, that emits a plasma current, 4= .J;, high
enough to sustain a thin double-layer, separated from

the contactor, and a quasineutral core between the
DL and the contactor. The potential barrier on the
DL prevents ambient ions(a) from reaching the core,
confines emitted electrons(c) within the core, and ac-
celerates ambient electrons(e) inwards and emitted
ions(i) outwards, Figure 1.

The set of macroscopic equations that describe
the dynamics of the four plasma species, admits, for
Ug and 4nJ; uniform and time-independent, a sta-
tionary, spherically symmetric solution that repro-
duces the core/DL/presheath structure we are inter-
ested in. That solution determines the dimensionless
collected current, j., and DL position, {pg = rpo/R,
as function of the dimensionless contactor potential,
xr = eUg/T,, emitted ion current, j;, and plasma
temperature ratio, 8, = Ty /T.. As €po, i-e. the core
size, increases with j;, we find convenient to use £po,
instead of j;, as parameter.

For the perturbation analysis, the appropriate nor-
mal mode decomposition for a generic plasma. vari-
able, let us say f, is

f(r’0a¢) t) = fO(T) + fl(T;E,m,’Y)YEm(e,@ exp'yt

where f, is the known stationary solution, Y, (6, ¢)
is any spherical harmonic, and v = 7, + @7; is a
complex frequency. )

Within each quasineutral region: core and pre-
sheath, each normal mode verifies a set of differen-
tial equations on the radial variable r that includes
£ and ~ as eigenvalues. Here, we restrict the insta- .
bility analysis to values of |y| much smaller that the
response frequency of electrons We find that the per-
turbation equations and, hence, the dispersion rela-
tion, are independent of the azimuthal number, m.

As boundary conditions for the perturbation equa-
tions we have: i) the solution is bounded in all space,
and, in particular, at r = R, r = r,jj and r = o0;
ii} the jump conditions across the DL derived from
the plasma equations ; iii) perturbations are zero
at 7 = R and r = oo (for the stability analysis).
The perturbation modes produce a ripple of the DL,
r =Tpo + rp1(f, ¢,t), that must be determined. At
the same time, to impose correctly conditions at the
DL boundaries, rli;, requires to expand the plasma
variables around the DL mean position, rpo.

For eUg/T, > 1, we can solve the perturbation
problems on presheath and core separately. The so-
lution for the presheath shows that, at least for the
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above parametric limit, no ion-electron instability
sets up in this region and the presheath response
depends only on the ripple of the DL.

In the core, we first obtain the general solution
of the perturbation equations. Then, we impose the
set of conditions at both boundaries, and, for zero-
perturbation at = R, we find that non-trivial so-
lutions exist if and only if a certain eigenvalue or
dispersion relation, V

D("Y;eaéDOa XR; Gac) =0.

is satisfied [3]. For each stationary.state, (xr,8ac,
&po), the dispersion relation yields a family (£, ) of
self-excited modes. They are unstable if 4, > 0, and
neutrally stable if +. = 0; they are non-oscillatory
or oscillatory (in time) if ; is equal to 0 or not,
respectively.

Figure 2 shows the unstable modes, y(£po), with
£ = 5, for given values of xp and 8,.. The number
n refers to the sequence of loci of non-oscillatory (n
odd) and oscillatory (n even) modes, alternatively.
For each £, there are no unstable modes below a cer-
tain core size, £5,(£), and the most unstable mode
occurs for n = 1, always. Figure 3 shows the n =1
mode for different £. For £ increasing, the threshold,
€50 (£), decreases, and the modes are more unstable.
For the purely-longitudinal case, £ = 0, (the only one
discussed in previous works) there are not unstable
modes. For {pg fixed, 7, does not attain a maxi-
mum for any £ but the model is not valid beyond
certain £, unless space-charge effects are considered
throughout the core and presheath. In general, the
instability growth rate decreases with xg increasing
and 6,. decreasing; the second effect is due to the
increasing ’rigidity’ of the presheath.

Figure 4 shows potential profiles of several unsta-
ble modes; observe that n is related to the number
of radial oscillations of the mode. In the figure, the
perturbed potential does not go to 0, at r = R: this
is a consequence of the core quasineutrality; in fact,
there exists a thin non-neutral sheath (of thickness
about the core Debye length up to the 4/5 power) at-
tached to the contactor that carries the perturbation
to 0.

The above unstable modes correspond to a three-
streaming ion-electron macroinstability [4] where the
electrons streaming into the core provide the desta-
bilizing effect and the confined electrons tend to sta-
bilize. This competition explains the evolution of the
growth rate with £ and xr.
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Figure 2.- Complex frequency, v.(—)+
17;(- -), of unstable modes with £ = 5; v =

VTe/mi/R; xgr = 50, 05 = 0.1.

Figure 3.- Complex frequency of unstable
modes with n = 1 and different values of /;

xR = 50, 8,c = 0.1.
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Figure 4.- Radial profiles of the perturbation
on the potential (modulus), corresponding to
points A, B, C, and D in Fig.2.
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Hall effect as the producer of effective gravity and of
quasi—acoustic—gravity waves in plasma flows

Liliya M. Alekseeva

Institute of Nuclear Physics, Lomonosov Moscow State University,
Moscow 117234, Russia

Rosenau, Tataronis and Conn [1] studied the non-
linear partial differential equations of magnetohydro-
dynamics (MHD) in which allowance was made for the
Hall effect. They found real characteristics for this
system of equations, which show no trace of fast, slow,
and Alfvén waves known in non-Hall MHD but describe
sound waves absent in non-Hall MHD. The character-

" istic surfaces ¢(r, t) = const are given by the equatlon
H-Vé=0.
It is unclear to what extent this system of MHD
equations with the Hall effect is evolutionary and rep-
resents physical phenomena, although this question has
been discussed for a long time. However, it is beyond
doubt that taking into account the magnetic viscosity
v makes the Hall MHD equations evolutionary [2].

We obtain here an analytical solution to the equa-
tions of resistive Hall MHD (or RHMHD). This solu-
tion proves to be of the form of purely acoustic waves
(certain stages of this work have already been presented
in [3-5]). Our results correlate with a prediction made
in {1].

In a Cartesian coordinate system z,y, z with the z-

" axis streamwise, we consider planar flows of the form

H=(0,0,H), 8/8z=0. (1)

As the unit of length, we take an appropriately chosen
characteristic scale [; as the units of density p and mag-
netic field H, the values p. and H, of these variables
at some upper point (z.,y.) of the stream within the
region at hand for some time moment ¢,. The Alfvén
velocity v. = (H2/4np,)}/? at this point is adopted
as the unit of velocity v, and the magnetic pressure
H?/(4r), as the unit of the pressure P,. The ratio of
the unit length to the unit velocity is of the order of

v = (vg, vy, 0),

the transit time and serves as the unit of time ¢. The -

equation set (obtained in [2]) thus takes the form

Op
'Et“ - —(V ’ pV), (2)
dv 1 H?
Fri —;V (P + —2—) (3)
P = %, (4)
2
%—tl-z = vAH+curl{v x H) + EV X V%— (5)

We assume the plasma to be 1sotherma1. In this case,
plasma dynamics is determined by three constants: the

magnetic viscosity v = R;;! (where R,, is the mag-
netic Reynolds number), the ratio 8 of the character-
istic value of gas pressure to that of magnetic pressure
(B = 2¢2, where ¢ is the gasdynamic speed of sound),
and the parameter £ = com;/el\/dmp. that character-
izes the influence of the Hall effect (¢o being the speed
of light). ‘
We denote a solution of Egs. (2)-(5) as II(z, E2 t)

(p, v, H) and seek it in the followmg form:

H(x,y,t)= (x,y/ﬁ)+H(l‘,'rt5z,y/5,7y,7ct)~ 6) -

Here, I1° is the known (background) steady-state flow
with the characteristic transverse scale § (the relation-
ship vg/vg ~ § being valid for its velocity compo-

nents); Mis a time-depending deviation from it; and
the gamma factor

H°\” 8H®

0

v = = —} —=— T
W) = (p") Oz
charaéterizes II. We choose II° to 'b‘eA fairly uniform
across the stream, so that dII°/8y < 1. We assume

that ¢ < 1. Then, in the adopted un'{i:s,

i

Lo

ap® OH® - A
%~ E T E L @)
Let us also put
E>c>4. 9)

(hence, we evidently restrict ourselves to considering
flows II® with smooth streamlines). Further, we put
(€/c)(d/c) > v. The above-assumed conditions imply
that

Fé>»1, T>»1, TIcx>»1l. (10)

Let all operators acting on 1 change the order of
magnitude of this quantity in the following way:

6_H~ran on M refi, 0<t<
Oz dy

~ é
~ FH, E— y s ;.
1

We also assume that |H| is small, setting

i

‘I’(HO) < |H| < min (1‘15’ 2) , (12)
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where
(H%)?
v 7|

(13)
Obviously, such fields of variables can exist only if

& (I1°) = [vAH® + curl(v® x H°) +§V;}°- X

1
;—P—ZQ(HO) <« min (FIJ.’ c2) (14)
This is another condition for the parameters &, v, 3,
and § but, unlike the above-listed conditions, it de-
pends on the structure of II°. [This condition is not
too restrictive, and in some cases it does not appear
at all. In particular, we can choose as II° a solution
I° to Eqgs. (2)-(5) for the case 8/0t = £ = v = 0.
Among them, there are solutions representing isomag-
netic streams (H°/p® = 1), in which ®(II°) = v|AHY|.
If, in addition, such a II° is an iso-Bernoulli stream, for
it jQ = OH®/0y ~ § (see [4] and references therein)
and ®(I1°) ~ v. Then condition (14) is satisfied auto-
" matically, being a consequence of (10). In some cases,
~ we shall use as a simple and representative form of
II° an isomagnetic, iso-Bernoulli background flow I°
with the same § as assumed for II. It is known that
the streamlines of I° can have diverse configurations.
Therefore, the flow 0 is a good model for practically
important streams.]

The substitution of (6) into the z-component of the
Euler equation shows that if the terms nonlinear in I
are small (which will be seen below), then

~ 21 [yl 8|
Vg max{’yc, , ¢élpl, (" (15)

~e
This relation allows us to conclude that the y-
component of the Euler equation reduces to

op OH
2V HO___
(c Oy + oy |’
and the induction equation (5) integrated over y has
the form

o _ 1

at 0

Po (16)

8H 2 ~
By = 7o () 5. - (17)
Now the order of H in § is known. By direct substi-
tution, we can check that |p] < 1, [7] < 1, and the
nonlinear terms of all the equations used are indeed
small.

Using Eq. (17) makes it possible to close the gas-
dynamic part of the equation set at hand and shows
that in the given situation electromagnetic processes
- generate a force proportional to g, which appears in
Eq. (16). In other words, the perturbations I “sense”
an effective gravitational force with acceleration ¢ =
—c?y(z,y), which acts in y-direction.

The obtained gasdynamic system still remains to be
solved. The analysis of orders of magnitude shows
that the continuity equation reduces to (8p/d¢)

—(0%,/0y)/p° and, on eliminating v, with the use of
(16) and (17), gives
10% 0%
2 o2 T oy?

We see that this equation coincides in form with the
equation of acoustic-gravity waves propagating verti-
cally in a neutral atmosphere [6, 7]. In accelerated
plasma flows + is positive, and the upward direction in
the atmosphere corresponds to the negative direction
of the g-axis (i.e., counter to the y-component of the
field E). The quantity 1/ plays the role of the local
scale height. Waves of this sort in RHMHD media,
described by Eq. (18), can be called quasi-acoustic-
gravity (QAG) waves.

If 4 does not depend on y (which is ensured by I°
taken as I1°), there exists a solution of the plane-wave
type 7 = x(2) exp(—7y/2) expli(wt — ky)] (x being an
amplitude factor). Its amplitude increases in the case
of “upward” propagation (i.e., in accelerated flows, to-
ward the anode). The dispersion relation for QAG
waves has the form k%¢? = w?—w?, wherewy = ¢y/21is
the lower frequency limit for traveling waves (the ana-
log of the Brunt—Vaisild frequency for atmosphere).
The phase and the group velocity of QAG waves are
respectively v, = w/k = ¢/Q and vy = cQ, where
Q=1 - (wr/w)?'/%

If 4(y) is variable, a wave of frequency w should be

op

+7(x,y)5§- (18) |

reflected from the region where w & wy.

As 4(y) varies rather slowly over a distance of the
order of the QAG-wave length, Eq. (18) can be solved
by the Wenzel-Kramers—Brillouin technique.
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Electric field waves inside the positive column of the self-pulsed gas discharge

L.S. Alexandrov, M. V. Chirkin, D.A. Morozov, V.A. Stepanov
Department of Physics, Pedagogical University
46 Svoboda St., 390000 Ryazan, Russia
e-mail: yastreb@ttc.ryazan.r

1. Introduction

One of the most important mechanisms of weakly
ionized plasma instability is the influence of the ion
spatial charge upon charged particle flows onto the
discharge tube wall [1]. It was experimentally shown
[2] that this mechanism is the cause of the current wave
amplification in the positive column of the low pressure
DC 'helium discharge, which is surrounded by the
grounded metallic screen. Instability development
inside the distributed-parameter line “low temperature
plasma - external screen” provides the existence of
several non-stationary self-conformed regimes for gas
discharge maintenance in a narrow lengthy channel.
The  characteristic feature of these regimes is the
generation of a periodical sequence of short current
impulses with large amplitudes (see Fig. 1). The
purpose of the present paper is to find a way of self-
pulsed discharge maintenance.

2. Experimental technique

The electric circuit under examination consists of DC
power supply, ballast resistor and discharge tube (1 mm
in internal diameter, 8 mm in external diameter,
125 mm in length). The tube is filled with helium
(3 Torrs in pressure). The metallic screen surrounding
the tube consists of several isolated sections in the form
of hoops (25 mm in diameter) (Fig. 2).
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Figure 1: Oscillations of the anode vdltage and the
cathode current in the case of the self-pulsed gas
discharge in helium ‘
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Figure 2: Outline of the experimental system

In accordance with the problem under research there
have been reconstructed on the basis of experimental
data the instantaneuos distributions of the electric field
potential along the positive column axis U¢xf). The
data were obtained by means of measuring the voltage
v(x,t) on the capacitor C connected with an isolated
section of the metallic screen. The voltage on the
capacitance detector was induced by electric field
oscillations inside the positive column:
1

V(x;,t) = I K(x;,% )U(X ,t)dx’ )
0
where axis Ox is directed to the cathode of the tube from
the anode, / is the discharge channel length, x; - the co-
ordinate of the i-th screen section.

The kernel of the integrated equation (1) K(x;x’) was

analytically determined by means of the Shockley -
Ramo theorem [3]:

0
8 j !
K(x;,x' )= _Efg_l‘_’fo_Zan sin nfrlx, sin n7§x 2)

n=1"
where 7_ is the internal radius of the discharge tube, ¢ -
the glass permittivity, a, - the coefficients depending
on the geometry of the screen and the discharge tube.

3. Results of the electric field measurements

The results of the solution to the reverse problem (1)
are given in Fig. 3 in the form of the electric ficld
potential distributions inside the plasma for various
temporal stages of the self-oscillations. The recon-
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Figure 3: Reconstructed distributions of the electric
field along the discharge channel axis

350
300
250
200
150

E (V/em)

100

L65 17 175 1.8 185
t(uS)

Figure 4: Propagation of the strong longitudinal electric
field area inside the positive column. Distance from the
anode x (cm): 1-2.0,2-3.5,3-55

structed process resembles a standing wave. The
distance between the nodes of the wave is about 8 cm.

1-209

However there has been discovered a local area (4 cm
in length) with a strong longitudinal electric field
intensity (300 V/cm) that appears inside the short
temporal interval (~ 150 nS) immediately preceding
the current impulse. The temporal dependences of the
longitudinal electric ficld intensities are shown in
Fig. 4 for various points of the positive column. The
results obtained demonstrate the propagation of the
strong electric field area to the anode from the cathode

with the velocity about 10% cnv/S. -

There has been observed a local impulse of a
displacement current (about 70 nS in duration) which
flows from the screen sections. This impulse propagates
together with the strong electric field area. Inside a gap
between the discharge tube and the screen the peak
value of displacement current density is about

1 mA/cm® during the impulse.
4. Conclusions

The self-pulsed gas discharge under research is in
immediate proximity to a standing wave in the active
distributed-parameter line the length of which is
approximately equal to 3/4 of the wavelength. The
necessary condition of this regime maintenance is the
formation of the moving ionization front appearing as a
result of transient processes, which are accompanied by
a redistribution of the potential in the discharge
channel. The observed propagating area with the strong
electric field and high ionization rate is analogous with
a fast ionization wave [4]. However in the case
observed the ionization front propagates from the
grounded electrode of the discharge tube to the high
voltage one; that makes a difference.

For the moving ionization front to appeare as a result of
pulsed breakdown it is necessary to provide the

discharge voltage growth rate (dU/dt) of about 10"

10" V/s. In the case of the self-pulsed discharge there
appears a local area with an electric field of large
intensity even if the temporal growth of the anode
voltage between the discharge current pulses is
relatively slow (dU/dt ~ 10° V/s). High energies of
electrons inside the ionization front and a slight
heating of the gas make self-pulsed form of the gas
discharge maintenance applicably attractive.
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Nonlinear Plasma Wave Propagation

Carlo Lancellotti and J. Dorning
University of Virginia, Charlottesville, VA 22903

1. Introduction

One of the oldest and most fundamental problems in
plasma kinetic theory is the study of small-amplitude
longitudinal wave propagation in a plasma described
by the Vlasov-Poisson-Ampére (VPA) system

Bt T Tm P =0 (9
oF
= -4w;qa/dvfa (18)

where E(z,1) is the electric field and fo (2, v,t) is the
distribution function for the species o, « = 1,..., N.
This system has played a major role in the analysis
of plasma instabilities and wave propagation in a
wide. variety of settings, ranging from astrophysical,
solar and magnetospheric plasmas to laboratory and
fusion plasmas. However, due to the extreme analyt-
ical difficulties associated with the nonlinear Vlasov
equation, Eq. (1a), much of the theory, starting with
the classic works of Vlasov [1] and Landau [2], has
been based on the linearized version of the model.
Unfortunately, this limits the validity of most of the
results to a relatively short time-scale, on which the
linearization is accurate. This is the case, in partic-
ular, for the most famous result of the linear the-
ory, namely Landau damping. Whereas Landau’s

solution to the linearized initial value problem pre-

dicts the exponential damping of E(z,t) for every
small disturbance to a thermal distribution, already
in 1965 T.M. O’Neil [3] argued that nonlinear effects
can prevent the complete damping of a sinusoidal
wave and lead to a time-asymptotic traveling-wave
mode, sustained by the oscillations of the particles
trapped in the wave’s potential well. Even though
this phenomenon, known as nonlinear Landau damp-

ing, is now qualitatively well understood, a satisfac-
tory quantitative analysis has never been possible,
because of the formidable nonlinear nature of the
VPA system. Recently, some rigorous nonlinear re-
sults have confirmed that Vlasov plasmas can sus-
tain small-amplitude waves in spite of the predic-
tions of the linear theory. Holloway and Dorning [4]
have used the BGK formalism [5] in order to con-
struct exact nonlinear, periodic, undamped traveling
wave solutions to the VPA system with arbitrarily
small amplitude. Buchanan and Dorning [6,7] have
reformulated and extended the analysis to include
small-amplitude solitary waves [7] and multiple pe-
riodic waves [6]. The question still open, though,
is whether and how such undamped-wave solutions
can be generated from given initial conditions.

2. General Development

We have carried out a fairly general mathematical
analysis of the VPA initial value problem, which
has enabled us to study the long-time amplitude of
the electric field as a function of the initial ampli-
tude. Our approach is based on the decomposition
E(z,t) = A(z,t) + T(z,t), where T and A denote,

-respectively the transient and time-asymptotic parts

of the electric field. This- decomposition makes' it
possible to focus on the time-asymptotic part of the
problem and to obtain important results on A inde-
pendently of the details of the transient T. Under
mild assurmnptions, we have shown that A is given
at leading order by a finite superposition of wave
modes, whose phase velocities satisfy a Vlasov dis-
persion relation [1]. Whereas the usual Vlasov dis-

_ persion relation is determined by an initial, unper-

turbed Vlasov equilibrium, the one for A depends on
a time-asymptotic Vlasov equilibrium, modified by
the action of T'. Based on this general form of the
solution for A, we obtained an approximate solution
to the nonlinear Vlasov equation by linearizing only
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the term containing the transient, and then inte-
grating the resulting equation along the nonlinear
characteristics corresponding to A. These were de-
termined explicitly via the methods of Hamiltonian
perturbation theory, in the manner of Buchanan and
Dorning [6]. At this point, we were able to obtain
the transient 7" using a standard perturbation tech-
nique because the decay properties of T neutralize
most of the secularities that would otherwise plague
the perturbative solution of the original VPA sys-
tem. Then, a simple projection procedure allowed
us to reduce the problem to a finite set of nonlin-
ear algebraic equations ~ relating the amplitudes of
the time-asymptotic wave modes to that of the ini-
tial electric field — which we studied as a bifurca-
tion problem. Thus, we obtained both vanishing
and non-vanishing solution branches for the time-
asymptotic amplitudes; which one of these is realized
depends on the initial condition.

3. Two-Wave Case

We considered the classic problem of a sinusoidal
perturbation to a single-humped (e.g. Maxwellian)
Vlasov equilibrium, with fu(z,v,0) = Fa(z,v) =
Fo(v) + €ho(v) cos z. For € € 1, we can assume the
Langmuir modes with wavenumber one to be domi-
nant at long times (whereas all other modes can be
neglected, see Buchanan and Dorning [6]). It follows
that the asymptotic field A can be represented as a
pair of counter-propagating waves of the'form

A(:c,t)::asin(:c—vft)+'asin(a:;i-vft). (2)

After substituting the representation £ = A+ T
into Eq. (1a), we approximate the term T'(8f4/8v)
by the “linearized” quantity T'(0F4/dv) and obtain

afa . afa Ofa Ja 0F«

- +v 6_:c+— By = —m—aTW. 3
Unlike the traditional linear Vlasov equation, we ex-
pect this modified equation to be a uniformly good
approximationin time, since by definition 7" vanishes
at long times (when F, ceases to be a good approxi-
mation for f,), whereas the full nonlinear interaction
between the long-time field A and f, is maintained.
Eq. (3) was solved exactly, since the characteristics

for A in Eq. (2) could be computed explicitly by

- the method of [6). The solution for f, was sub-

stituted into the Ampére equation, Eq. (1a), which
was then broken into its transient and asymptotic
parts (see Frechét [8]). The transient part was solved
perturbatively for T in terms of the small ampli-
tude @, and the solution substituted into the time-
asymptotic part of the Ampére equation, which was
projected on the one-dimensional space spanned by
A in Eq. (2). This yielded a closed scalar equation
for @ in terms of . We omit this lengthy devel-
opment, and also the ensuing expansion procedure,
that finally allowed us to express the problem in the
form

Be-T()]ad +o()ad =0@?) (4

where 3, T'(¢) and o(e) are known, and I'(0) = 0.
Eq. (4) has the trivial solution branch a = 0, which
corresponds to all the zero asymptotic states that
are attained when E(xz,t) Landau-damps completely
to zero before the nonlinear effects become impor-
tant. Our elementary bifurcation analysis showed
that non-zero solutions for a can exist only for ini-
tial amplitudes € near values ¢y which satisfy Beg =
I'(e0). Near any such “critical initial amplitude”,
Eq. (4) has the local non-zero solution

B—T(e
o(€o)
which (when positive) corresponds to non-zero time-

asymptotic travelling-wave solutions. Since I'(0) =
0, ¢ = 0 is a critical amplitude; a Taylor expansion

°)(e-e )+ O(A%,a%)  (5)

a=—

in € shows that, if there is a small non-zero critical

amplitude, it must be at ¢; = 2(8 — I'(0))/I"(0).
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EXPERIMENTAL STUDY OF AL LINE
IN DENSE XENON PLASMA

M. Kulish ,V. Gryaznov, A. Mezhiba V. Mintsev, V. Fortov
Institute of Chemical Physics, Chernogolovka;
D.H.H. Hoffmann
Universitdt Erlangen;
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Measurements  of contours of resonance
spectroscopic lines of aluminum atom admixture in
dense Xe plasma in dependence on the electron
concentration were carried out. To generate the
dense plasma the explosively driven generators of
rectangular shock wave were used, based on the
acceleration of metal impactors by the detonation
products. The shock waves generated by the
impactors in targets spreaded in gas investigated,
creating plasma. In such experiments it was
measured the dependence of plasma radiation
spectral intensity on time. Simultaneously in every
experiment it was registered the shock front
velocity and plasma brightness temperature. The
pressure, temperature and plasma composition were
calculated by the experimental data on shock wave
velocity within the Debye approximation in the
grand canonical ensemble of statistical mechanics.
Registration of plasma radiation was performed
with application of measuring complex of devices,
such as a spectrograph, electron-optical streak
camera, readout CCD camera and four
photoreceivers with bandpass optical filters and
resolution up to 3 ns. In the last works we have
noted already the appearance in the investigated
plasma radiation spectrum of the lines of target
materials. In the present work it was used the
aluminum targets with a mirror surface with a goal
of lowering the possible influence of target material
admixture on the plasma parameters. The particle
velocity of targets was 5.3 km\s. A duplex Al I
394.4-396.1 nm (transition 4°S - 3°P) was observed

in the region accessible in the experiments.
The

undisturbed spectrum line  positions  were
determined by the standard spark spectrum. The
spectrum line contours were calculated by electron
concentrations from Grime’s work and were
compared with the experimental data. The line
contours for optically thin layers were approximated
by the spectrum for plasma layers of finite (<0.5)
optical width. Concentration of atoms involved in
the absorption process was estimated by the
absorption coefficient in the line and was N < 10"
cc?. Fig.1 shows results of the measurements. It is
readily seen that the broadening of the lines at n, >
10" cc? largely exceeds the distance between them.
Therefore, the lines of duplex are not resolved and
only one broadened contour is observed. Fig 1
presents below the form of the observed lines of
aluminum in the spark discharge plasma. The
vertical stroke-lines demonstrate the position of
undisturbed lines and also dotted contours of lines
there are the contours calculated by Stark tables for
neutral atom isolated lines. Fig.2 'shows the
broadening and shift dependence of the lines on
concentration of electrons. The experimental and
theoretical values of width of the contours at their
half-height are presented here. The line shifts were
determined by the line width center position at its
half-height. The experimental data for the electron '
densities n, <1.3010" ¢c”? are in a good agreement
with theory and the maximal relative disagreement
between them was found to be for n, >2.4010" cm’
3
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Electron Shock Waves: Wave Profile for a Range of Speeds
Mostafa Hemmati
HBead, Physical Science Department, Arkansas Tech University, Russellville; AR 72801, USA

Abstract

We have integrated the electron fluid-dynamical
equations through the dynamical transition region
for several wave speeds of breakdown waves. This
article will also report on the variation of the wave
profile, i.e., electric field intensity, electron number
density, electron temperature, and ionization rate
inside the sheath region as a result of the changes in
wave speed.
Model and Theory

The propagation of electron driven shock waves
(breakdown waves) has been previously investigated
by employing a one-dimensional, steady-state, three-
component  fluid  model. A three-fluid
hydrodynamical model with a shock front, driven by
electron gas partial pressure was. first presented by
Paxton and Fowler (1962). In their model, they
considered both photoionization and electron impact
ionization as two important jonization processes.
Their approximate solutions had a limited success.

Breakdown waves are assumed to consist of a
shock front followed by a dynamical transition
region. The transition region, which is somewhat
thicker than a Debye length, will be referred to as
the sheath region. In the sheath region, electrons
come to rest relative to neutrals, and the net electric
field falls to zero at the trailing edge of the sheath.
The large difference in electron and ion mobility
results in the establishment of space charge and,
therefore, of a space charge field inside the sheath.
The net electric field is the sum of the applied field
and the space charge field.
~ In our investigation of the problem, we will use a
set of three-component fluid equations which were
completed by Hemmati and Fowler (1984). The set
of equations consists of equations of conservation of
mass, momentum, and energy, coupled with
Poisson’s equation. - In dimensionless variables they
are respectively:

d(v
(dgp) = kuv, 1)

T P—1) + ad) =—vp—(p-1),  (2)

‘dE (¥~ 1)? + avd(5¢% —2) + avyp + an?—

SOy o {300+ (-1, (3)
d_
F=E@-1). ()

The dimensionless variables are:

_2m __mVK _ B _ 24  _
w_-W;K_ eEo ;L_K,a—mvz, =Vy
_ By 2ed - mV?
n_—2e¢1/,Te_.——-i9k y E=nE;, x=- eE0£

In the above equations, v, ¥, 8, u, &, 7, and €
are the dimensionless electron concentration, electron
velocity, electron temperature, ionization rate, elastic
collision frequency, electric field, and position inside
the wave, respectively. The symbols m, e, n, and T,
represent ‘electron mass, charge, number density, and
temperature inside the sheath, and 8, ¢, V, M, E,
are ionization frequency, lonization potential, wave
velocity, neutral particle mass, and electric field at
the wave front. :

Analysis

In our approach to solving the equations, we have
been able to place the singularity inherent in the
equations in the denomlnator of the momentum
integral. :

dy _ &(1+p)(1 — )Y — kpald — np — ab’ 5)
dg ~ V2 — b '

A zero denominator in the momentum integral
represents an infinite value for the electron velocity
derivative with respect to the position inside the
sheath. This condition requires the existence of a
shock inside the sheath region, which is not allowed.
The numerator in the equation, therefore, has to
become zero at the same time that the denominator
becomes zero. In the process of integration of the
equations through the sheath region, comparing the
numerator and denominator values allows us to
choose correct initial parameters by trial and error.
Results

For nitrogen gas and for proforce waves moving
into a nonionized medium we have been able to
integrate the set of electron fluid-dynamical
equations for five different values of a: 0.01, 0.1,
0.25, 0.5, and 1. o = 0.01 represents a fast -moving

-wave with a speed of 3 x 107 m/s, and a = 1

represents a slow moving wave with V. = 3 x 10
m/s. For slow waves, the singularity becomes very
sharp and the passage through the singularity
becomes very time consuming. We were able to
integrate the set of equations for a= 4; however, the
passage through the singularity required keeping the

values of numerator and denominator in equation 5

constant for up to 40 integration steps. This
introduces a large kink at the singularity and;
therefore, we have discarded a = 4 (V = 1.48 x 10°
m/s) from the range of wave speeds in our graphs.
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FIG. 2. Electron temperature as a function of position inside the sheath.

The solution for the electron fluid-dynamical
equations seems to present a cut-off point in the
" wave speeds at approximately 10° m/s. Scott’s
(1976) report is the result of extensive experimental

measurements of initial electric breakdown wave

speed in nitrogen and argon as a function of local
electric field at the wave front. His reported lowest
speed magnitude is of the order of 10° m/s.

For a fast moving wave, Hemmati (1995) has
presented the wave profile for current bearing waves
at the XXII International Conference on Phenomena
in lonized Gases. The four diagrams, however,
represent the complete wave profile for the above
mentioned range of wave speeds. Figure 1 represents
the dimensionless electric field, n, as a function of
dimensionless position, £, inside the sheath. For all
wave speed values, as required by physical
conditions, the net electric field approaches a
minimal value at the end of the sheath and its
d&rivatiVe with respect to position approaches zero
(___’Z — 0),
profiles for: electron temperature, 6, electron number
density, v, and ionization rate, u, as a function of
position, £, inside the sheath.

At the shock front, for selected wave speeds, a,
the values of electron number density, v, electron
velocity, #,, and the values of wave constant, , for
- successful integration of the electron fluid-dynamical
equations are:

The next three graphs represent wave .
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a = 0.01, x = 1.239718, v, = 0.023, ¢¥; = 0.327

a = 0.1, « = 1.071818, v, = 0.235, ¥; = 0.29125

a = 0.25, k = 0.959363, v, = 0.666, ¥, = 0.26016

a = 0.5, £ = 1.08576, v; = 1.05, ¥; = 0.25375

a =1, k = 1.0426635, v, = 2.1, ¢; = 0.2071
Conclusion

The graphs indicate that for slow waves: a) the

sheath thickness is larger, b) the electron number
density is larger at the shock front and decreases
toward the end of the sheath, c) the ionization rate
has a small value at the shock front and it reduces
to very small values at the trailing edge of the wave.

The electron temperature, 8, at the shock front for

fast waves has a large value, and as expected, it

reduces to small values at the end of the sheath.
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ION SHEATH INSTABILITY _
IN MULTI-COMPONENT PLASMAS CONTAINING NEGATIVE IONS

K. Koga, N. Hayashi and Y. Kawai
Interdisciplinary Graduate School of Enginecring Sciences,
Kyushu University, Kasuga, Fukuoka 816, Japan

1 Introduction

There are few reports on dynamic behavior of a
sheath, especially the sheath instability. Stenzel [1,2]
reported on the instability nearby the electron plasma
frequency in the electron sheath. On the other hand,
Ohno ef al. [3,4] observed the chaotic phenomenon of
the ion sheath instability in the dc current system using
a double plasma (D.P.) device. As an excitation mecha-
nism of this instability, they proposed a bunching model
that the ion sheath instability is excited by the bounce
motion of ions in an asymmetric sheath potential and
the frequency of this instability is given by a reciprocal
of their sheath transit time. Piel ef al. [5] reported the
oscillations of the ion sheath on the low density side of
the negatively biased grid in D.P. device, and called
“virtual anode oscillations” in analogy to virtual cath-
ode formation in electron diodes. They concluded that
the frequency locking among three oscillations (the
virtual anode oscillation, the reciprocal of the sheath
transit time and the ion plasma frequency at the sheath)
provides the coherent frequency spectrum of the ion
sheath oscillation.

It is well known that negative ions play an impor-
tant role in space plasma and processing plasma. Stud-
ies of the static sheath were reported by many research-
_ers [6]. However, there are no reports on the dynamic
behavior of the sheath in a negative ion plasma. In this
paper, we report the experimental results on the ion
sheath instability in multi-component plasmas contain-
ing negative ions.

2 Experimental Apparatus

We use a D.P. device whose diameter and length are
50 cm and 100 cm, respectively. The dc discharge be-
tween the filaments and the chamber wall produces an
argon plasma. Negative ions are generated by electron
attachment to SFs and, as a result, a multi-component
plasma is formed. The fine-meshed grid at the center of
this device divides the plasma into two regions. Plasma
parameters are measured with a 6 mm diam. plain
Langmuir probe. In the target region, the electron tem-
perature and plasma density is 1.0~1.5 eV and (1~3)
X 10® cm?, respectively. In the driver region, the
plasma density is below one tenth of that. The negative
ion concentration o, is estimated from the ratio of the
electron saturation current with negative ions to that

without those. The separation grid is grounded through
the power supply Vg and the resistor. Perturbations of
the current are obtained from the voltage drop across
the resistor and are analyzed with a spectrum analyzer.
The chamber is evacuated to below 1.0X107® Torr.
Gases are correctly introduced into the chamber with
the mass flow controller (MFC). In this experiment, the
argon gas and the SFq gas are introduced with the flow
rate 9.0 sccm (3.0X10™* Torr) and 1.0 sccm max,
respectively.

~ 3 Experimental Results and Discussion

We investigate the change of the static sheath width
with o, where this width is obtained by the axial profile
of the ion saturation current. When o is increased, the
sheath width widens. The existence of negative ions
causes the shield of the ion movement to the sheath, and
the ion current flowed into the sheath decreases, sug-
gesting that the sheath widens.

When the plasma density of the target region in the
D.P. is more dense than the driver region and the sepa-
ration grid is biased negatively, the ion sheath instabil-
ity is excited. In this case, we observe oscillating com-
ponents of the grid current with the spectrum analyzer.
A very sharp peak of the oscillation is found near the
half of the ion plasma frequency. We investigate the

280
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Fig.1: Dependence of (a) frequency and (b) amplitude
of the instability on the sheath width. The sheath-
widthis changed by the bias voltage Vg.
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dependence of the frequency and amplitude of this in-
stability on o, where the bias voltage to the grid is kept
constant. As o. becomes larger, both the frequency and
amplitude decrease. Since the sheath transit time is
prolonged by the sheath widening, the frequency de-
crease . Figure 1 (a) shows the dependence of the fre-
quency of the instability on the sheath width for various
o.. The sheath width is changed by the bias voltage Vg.
Figure 2 indicates the dependence of the frequency on a
reciprocal of twice sheath width. As seen from Fig. 1 (a)
and 2, the measured frequency is in inverse proportion
to the width and the dependerice of the frequency on the
sheath width is independent of . The relationship be-
tween the frequency of the instability and the sheath
width suggests that the excitation mechanism of the
observed instability is explained by the ion bunching
model. Figure 1 (b) shows the dependence of the ampli-
tude on the sheath width. Increasing o, the region
where the instability is excited tends to become narrow.
If the negative ions contribute only to the change of the
static sheath width, such behaviors of the instability is
not observed. Figure 1 (b) shows that the negative ions
change the dynamic behavior of the sheath. As a result,
the growth rate of the instability becomes small and the
instability finally disappear at a certain small o.. Fur-
thermore, its excitation region become narrow.

Figure 3 shows the potential gaps Ad(= ¢p - ¢1) be-
tween the plasma potential of the driver region ¢p and
the target region ¢ as functions of grid bias Vg. Here,
the plasma potentials are measured with the Langmuir
probes which are located in the plasma region. When
the instability is excited, ¢p increases and A¢ becomes
positive value, while, ¢+ does not change so much. That
is, the ions injected from the target region are reflected
by the potential wall on the driver side and, as a results,
the instability is excited. This indicates that the driver
plasma potential depend on the grid bias and there is
possibility that the local swell as the virtual anode oscil-
lations at the sheath of the driver side exist. This swell
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or the average of this swell rise the plasma potential.
Therefore, the potential gap A¢ comes to a positive
value at a certain Vg and the sheath instability is ex-
cited, although A¢ is a negative value at low Vg. The
similar behaviors are also observed in a negative ion
plasma.

W)=

2y —O0— —8— a=0
-0 -—6- a~0.043

—O— —— a~0.077

ol e @013

50 100 150
Vg ™
Fig.3: The potential gaps Ad(= ¢p - ¢r) as functions of

Vg. (Filled marks: instability is excited)

4 Conclusion

We observe the ion sheath instability in a negative
ion plasma. The frequency of this instability is in in-
verse proportion to the sheath width and the dependence
of the frequency on the sheath width is independent of .
We conclude from these results that the excitation
mechanism of the observed instability is explained by
the ion bunching model. When the negative ion concen-
tration o is increased, the growth rate of the instability
become small. As a result, the region where the instabil-
ity is excited tends to become narrow. The plasma po-
tential of the driver side depends on grid bias Vg and
there is possibility that the dynamic behavior of the
sheath on driver side change. From this result, the be-
havior of the sheath on the driver side also play an im-
portant role in the excitation of this instability.
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A 30 kHz - 1 MHz fast sweeping method for Langmuir probes
applied to turbulent plasmas

L. Leborgne, J.C. Goulet, B. Van Ootegem, P. Vervisch
UMR 6614 CNRS CORIA - 76821 Mont-Saint-Aignan C¢dex, France

Langmuir probes are generally used to determine the
electronic temperature and density [1] in plasmas. In
order to measure these quantities, an I-V characteristic
curve is obtained by sweeping the probe voltage. When
the plasma is unstable or turbulent, fast sweeping is
required. To measure the electron density fluctuations in
turbulent plasmas, the scanning frequency has to vary
from 30 kHz to 1 MHz For frequencies greater than
100 Hz, the noise due to the RC characteristics of
coaxial cables is not negligible. This is all the more
true since the probe electronic saturation is weak. To
reduce this phenomenon, a dual-cable method has been
developed by Yang et al {2] for frequencies less than 1
kHz. The method consists in doubling the measuring
circuit. The second circuit supplies a dummy cable. The
noise due to dummy cable is removed from the
measured signal. The objective of this work is to adapt
this method to the 30 kHz - 1 MHz frequency range.

Fig. 1. General scheme of the dual-cable circuit
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Figure 1 shows the general scheme of the measuring
circuit. The sweeping voltage of 14 V amplitude is
generated by a TG501 THANDAR function generator.
Its frequency range is from 0.005 Hz to 5 MHz. In order
to insulate the measuring set-up, the power supply
output is fed to the primary winding of a transformer
which has two secondary windings. The voltage of the
first secondary winding is applied to the probe circuit.
The tension is amplified three times before being
applied to the probe. The other winding is connected to

an equivalent circuit which supplies the dummy pro.be‘
The probes are a 0.2 mm diameter tungsten round tip |
insulated by an alumina tube. The BNC coaxial cable is
soldered with a tined copper wire which is twisted
around the probe. This setting is inserted in a stainless-
steel tube. The active and dummy probes are of the
same type, equal in length. To prevent ground loop, the
ground of each instrument is connected to the same
reference. The probes signals are recorded by the
differential comparator of the DSA 602A Tektronix
numerical oscilloscope.

Fig 2 : (a) triangular sweeping voltage (b) indu-
ced noise from the dummy or active probe
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However the characteristics of the two circuits are
slightly different, since the components (resistors,
amplifiers...) are not exactly the same. Thus the active
and dummy probes noises are slightly different. The
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adjustment of two variable resistors in each circuit
compensates the difference in impedance, in order to
make equal the noises in amplitude and in form.
Figure 2b shows the noise signal without plasma when
a 200 kHz sweeping voltage (Figure 2a) is applied. The
superimposing of the two noises on the oscilloscope
allows the tuning of the setting. The fine adjustment is
made by minimising the difference between the noises.
The uncompensated noise amplitude increases as a
function of the sweeping frequency as shown in
Figure 3.

Fig 3 : Evolution of the induced noise as
a function of the sweeping frequency
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This method has been validated in a low pressure CO; -
N, arc plasma jet and has been used to study a low
pressure supersonic turbulent argon inductive plasma.
The aim of this work is to understand the electron
density behaviour in the turbulent: jet. The latter is
determined by several interacting processes. Especially,
coupling between kinetics and turbulence seems to be of
great importance. In order to focus on this interaction,
the argon gas has been chosen for its well-known simple
chemistry. The argon gas is injected in a distilled water-
cooled double-wall quartz chamber which is the
discharged chamber. The plasma is produced at
atmospheric pressure. The generator has a 100 kW
power and a 1.70 MHz frequency. The injected power
is 40 kW. After a watercooled copper convergent
nozzle, the plasma jet is expanded in the test vacuum
chamber at a pressure of 50 mbar. The turbulence is
created by a tungsten grid fixed 10 cm downstream the
nozzle exit. The Langmuir probe is placed behind the
grid. Radial and axial I-V characteristics have been
obtained, but are perturbed by the electromagnetic effects
of the inductive torch. Currently, the 1.5 - 1.8 MHz
frequency range rejected filters are under construction to
eliminate this electromagnetic noise.

In conclusion, this work has shown that for the 30 kHz
- 1 MHz frequercy range the use of a dual-cable method
allows to reduce the RC induced noises. By adding a
dummy probe and adjusting the impedance of the
circuits, the noises are minimised. This method allows
to measure the fluctuations of the electron density by
Langmuir probes in turbulent plasmas.

This work was sponsored by the Commissariat a
I'Energie Atomique (C.E.A. CESTA)).
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Computer simulation of two—plasmon decay instability excited by a
strong running pump wave in two—species plasma

: Vadimn D. Levchenko and Yurii S. Sigov
M.V .Keldysh Institute of Applied Mathematics, Miusskaya Square 4, Moscow 125047, Russia

1. Introduction

Two dimensional problem on parametric excitation
of plasma at wg near the double frequency is investi-
gated in the frame of Vlasov—Poisson equations via
particle simulation using a special highly optimized
version of the object—oriented code SUR. [1].

Two cases of {3.1.) pure electron and (3.2.) electron—
ion plasmas are compared to one other to study the
joint action of both the two plasmons’ decay and
- modulation instabilities.

2. Computational model

We simulate the plasma with electrostatic PIC model
in 2D space-bounded double periodic region {64 p x
64Ap). Pump wave has the form E.(z,y,t) =
Ey cos{wgt — kyy) and its amplitude was linearly in-
creasing from 0 up to Ey value over first 3 plasma os-
cillations. For the sake of computational succession
the runs’ parameters wo/wy, = 2.027; cEo/mVpwg =
2 were chosen to be close to ones used in pioneer
computer simulation [2] by Dawson and Kruer (1971)
for the special case of the one-species electron plas-
ma with the fixed positive ion background. For the
case of original simulation with mobile ions (3.2.) the
model relation m./m; = 1/100 was chosen.

3. Results

3.1. Pure electron plasma with homoge-
neous ion background

Under an appropriate pump wave intensity the para-
metric instability develops with the threshold and
the growth rate being in a satisfactory agreement
with Jackson’s theory [3].

The spectrumn of excited electric field modes is dis-
crete. This fact, along with decay conditions of en-
ergy and moment conservation. Essentially affects
the choice of growing unstable modes with maximal
growth rates. For example, in the computational
region under consideration the pure diagonal mode
(1,1) of maximal growth rate is accompanied by the
(0,-1) mode with a lower amplitude.

The curve of time dependence for the z—component
of electrostatic energy lies higher than one for the
y—component (Fig.1). The first break (to side of de-
creasing) on the curves of time dependence of the
dimensionless average and maximal wave energy den-

sities corresponds to the achieved level of the order of
unite, i.e. to transition to a strong nonlinear stage.
Growth of the dimensionless average and maximal

‘wave energy densities continues up to the values 1.5

and 9. correspondingly. Saturation, followed by a
sharp exponential sloping down towards the corre-
sponding values 0.1 and 0.2-0.3, is conditioned by the
beginning of nonlinear waves’ overturning (Fig.2).
A significant growth of the electron kinetic ener-
gy begins with the strong nonlinear stage, realizes
mainly at the stage of a pronounced verturning, and
then achieves (for the z—component) the ten times
increase (for the y—component it is 20% lower). The
great bulk of this energy is concentrated at an asym-
metric cloud of fast electrons with maximal velocities
being 16-18 times higher than thermal ones.

The formation of such prolonged high—energetic elec-
tron ‘tails’ in the velocity space, from one hand, and
a relative nearness of the initial pump wave intensity
to its threshold value, from other hand, lead to an ef-
fective ‘switching off’ the pump wave, i.e. transform
our system into ‘sub-threshold’ regime.

3.2. Simulation with mobile ions

. Linear stage of parametric instability appears in the

same modes, but with a bit smaller growth rate, as
compared to case 3.1. (Fig.1).

The pronounced formation of density cavities is ob-
served at the strong nonlinear stage: the movement
of the electrostatic waves’ envelope dies down, the
number and shape of quasi—onedimensional cavities
meet a ponderomotive force profile, the cavities be-
come deeper (Fig.3,4). Therewith, as contrasted to
case 3.1., the observed growth rate becomes to be ap-
proximately the modulation instability growth rate
value higher. (Fig.1}

The saturation stage begins earlier then in the case
3.1. Correspondingly the saturation level is lower,
and tends approximately to 1.5 for the maximal di-
mensionless wave energy density value.

The saturation process is conditioned by formation of
a ‘continuous’ short wave spectrum (connected with
the modulation self-focusing of cavities) accompa-
nied by a quick generation of high—energetic electron
‘tails’ due to Landau mechanism. The number of su-
perthermal electrons is considerably higher then in
case 3.1.; though their maximal energies are lower.
As result the total income of kinetic electron energy
is almost twice lower then in case 3.1. .
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Fig 1. Time dependence of average electrostatic
energy for 3.1. (a., b.) and 3.2. (¢, d.) cases.

Absorption of the hf contents of cavities is accompa-
nied (with a corresponding initial ions’ delay) by gen-
eration of quasi-onedimensional oblique ion sound
waves (Fig.4). At this stage it is easy to observe a
relatively slow heating mechanism caused by a di-
rect conversion of the pump wave into short wave
plasmons with the help of the ion density ‘comb’.
Like the case 3.1. for the similar reasons the system
comes to a ‘sub-threshold’ regime.

4. Conclusions

Thus in our first 2D computer experimlents on the
parametric two plasmon decay taking into account
the ilons’ mobility we observed in detail practically
all the variety of nonlinear effects caused by the joint
action of parametric and modulation instabilities as
known in general from the strong Langmuir turbu-
lence’s theory and some related computer simulation
[4]. The work is in progress [5]
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Fig 2. Case 3.1. Snap shots of electrostatic po-

tential ¢(z,y) for sequential time moments.

Fig 3. The same value for the mobile ions simu-

lation (3.2.)
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quential time moments.
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On the influence of relative ion concentrations on QPESIC

modes in weakly ionized plasmas with singly,

doubly and triply charged ions

D.Z. Gajié* and B.S. Milié**
*Faculty of Philosophy, Dept. of Physics, P.O.B. 91, YU-18001 Nis, Yugoslavia
**Faculty of Physics, P.O.B. 368, YU-11001 Beograd, Yugoslavia

In a recent paper [1], the processes of spontaneous
excitation of instabilities in the long-wave part of
certain quasi-perpendicular electrostatic ion-cyclo-
tron (QPESIC) modes in weakly ionized plasmas
containing singly, doubly and triply charged ions
originating from the same atomic species were anal-
ysed. It was assumed that the ions have Maxwel-
lian distribution functions characterized by a com-
mon temperature T;, which may be different from
that of electrons T, (e.g. this is encountered in
gas discharges). It was also assumed that a ”strict”
billiard-ball model for collisions (ve/vis = vre/vTis,
s = 1,2,3) may be applied [2,3], and that a small
percentage of the ions is in the state of double
or triple ionization, which corresponds to compar-
atively low ion temperature.

In the present paper, the same problem is recon-
sidered using the same evaluation procedures and
focusing attention on the same six IC modes (w &
O = lwpr,l = 1,2,...,6). Thus, the ions AT are
"resonant” with all these modes, whereas A2% and
A3t may be either “resonant” or "non-resonant”,
depending on I. However, here one assumes that
the ion temperature has higher values than in [1]
(e.g. the electric field in the discharge is of larger
intensity). Thus, the relative ionic concentrations
fiy, = n,/(n1+n2+n3) are now different; in particu-
lar, the concentration of triply ionized atoms is aug-
mented. The results arrived at, if juxtaposed with
those of 1], are expected to allow a better quantita-
tive insight in the role of relative ion concentrations
in the processes of spontaneous excitation of the in-
stabilities studied.

From the general dispersion equation for the long-
wave part of the QPESIC modes in multi-ion plas-
‘mas [1,3], applied to the situation studied, one ob-
tains the spectra and the threshold electron drifts.
The results for the spectra are illustrated by Figs. 1
and 2, which show w/wp; vs. py = k2 v}, /w}, for
the six modes analysed, in plasmas with 7; = 0.60
and either ; = W3 = 0.20 (unbroken lines) or
fiz = 0.30, i3 = 0.10 (dotted lines), for two non-
isothermalities, 7 = 5 and 7 = 10 (r = T, /T;); the
dotted lines in Fig. 2 reproduce the results of [1],

W/,

w/wy,

n1=0.80 7=5

Figure 1.

—T T T T T

£1=0.60 7=10

..............

Figure 2.
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and are given here for the sake of comparison. It can
be seen that the increase (doubling) of iz (unbroken
lines) alters noticeably the spectra of the modes | =
2,3 and 4. More precisely, one sees diminishments
of maximum deviations of w from lwpg; for | = 2
and I = 4 (ions A3* are "non-resonant”), and to its
enhancement for I = 3 (ions A3t are ”resonant”).
This trend agrees with the previous results [3] for
the two-ion plasmas with singly charged ions of two
atomic species.

-100

U!

Figure 4.

Figures 3 and 4 show the results for the threshold
drifts, U* = (u/vri)in-(me/m;)*/4. Figure 3 corre-
sponds to the plasma compositions in Figs. 1 and
2 (with the same meaning for unbroken and dotted
lines), and Fig.4, corresponding to 7; = 0.80 and
either fi; = fi3 = 0.10 (unbroken lines) or 7y = 0.15
and Tiz = 0.05 (dotted lines), is given for compari-
son with Fig. 3. Apart from the fact that the curves
shown exhibit the well-known general behaviour (a
minimum for 7 & 1, and a monotonic increase for
7 > 1), it can be seen that the doubling of 73 raises
the threshold drifts, the effect being more prominent
in even harmonics. However, a comparison of the
unbroken curves in Fig. 4 with the dotted ones in
Fig. 3 (both sets of curves correspond to 7ig = 0.10
shows that the increase of fi; (with ensuing decrease
of 1) tends to diminish the threshold drifts of I = 5
and | = 6, and to enhance it in the case of lower
harmonics. This effect, together with the drift in-
version at the lower harmonics (for 1 < 7 < 4, the
gradual increase of the drift results in the onset of
!l = 3 first, then I = 1l and I = 2; for 4 < 7 < 10,
the order of appearance of the instabilities is { = 1,
1 =3, = 2), can be attributed to the influence of
the off-resonance terms {1,3].
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Some properties of the QPESIC_instabilities in weakly ionized

plasmas with ions A* and A** possessing different temperatures

D.Z. Gajié¢* and B.S. Milié*
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**Faculty of Physics, P.O.B. 368, YU-11001 Beograd, Yugoslavia

It was shown previously that both different ion
charge numbers [1,2] and different ion temperatures
[3,4], taken separately, are factors of importance
in the processes of spontaneous excitation of in-
stabilities in the long-wave parts of certain quasi-
perpendicular electrostatic ion-cyclotron (QPESIC)
modes by an electron drift parallel to the magnetic
lines of force. It seems, therefore, worthwhile to
study the situation in which both factors act si-
multaneously. The present paper deals with weakly
ionized plasmas containing ions A+ and A+, orig-
inating from the same atomic species and having
Maxwellian distributions with temperatures T} and
T,. 1t is assumed that a ”strict” billiard-ball model
for collisions (v./vi, = vre/vris, s = 1,2) is valid.
The analysis is based on linear perturbation the-
ory and, more specifically, on the results of the
theory corresponding to multi-ion plasmas [1,3,5].
Two modes are studied in detail: (A) w = Q4 =
wpy = 2wpy (both ion species are "resonant” with
the wave), and (B) w =~ Qp = wp; (doubly charged
ions are ”non-resonant”).

From the general dispersion equation for the long-
wave parts of the QPESIC modes in multi-ion plas-
mas [1,3,5], adapted for the two modes studied
presently, the expressions for the modal spectra
and for the threshold electron drifts are obtained.
As an illustration of these results, Figs. 1 and 2
show graphs of w/Q vs. py (p1 = k2v}, /wh,) for
T =T/T; = 0.2 (bold lines) and T' = 5 (thin lines),
with 7 = T, /T1 = 10. The curves shown pertain to
three selected compositions, as specified by the val-
ues of the parameter @; = n1/(n1 + n2), n1 and ny
being the number densities of A* and A+t respec-
tively, viz. @; = 0.25 (unbroken lines, both bold and
" thin), 7y = 0.50 (dashed lines) and 7=y = 0.75 (dot-
ted lines). It should be noticed that the maximum
deviations of w from corresponding  are particu-
larly large and occur at very large values of p; in
the case of mode (A), provided that the ions A* are
hotter of the two ion species.

The threshold drifts are obtained from the imag-
inary parts of the dispersion equations studied, and
are of the form (u/vr1)wr = (mi/m.)!/* U* (ions

w/Qa

w/Qs

1.2 f

7=10

11 ".:,_

Figure 2.
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At and At have practically the same mass, m;).
Figure 3 shows the graphs of U* vs. 71, again for

7=10and T'= 02,1 and 5 (curvesfor T =1

250 T
U | =10
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100 } v
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Figure 3.

are included for the sake of comparison with the
previous results); unbroken lines pertain to mode
(A), dotted lines to mode (B). Apart from the eas-
ily recognized feature of the excitation being facil-
itated (the threshold drift lowered) if the percent-
age of the “resonant” jons is augmented (or that of
the ”resonant” ions with lower IC harmonic, if both
species are "resonant”), a somewhat unusual trait
can be seen in the curve pertaining to the mode (A)
if T = 5. Namely, here the augmentation of 7; en-
tails a decrease of the threshold drift, although this
augmentation means the gradual transition from the
first IC harmonic (for @; = 0) to the second (for
7y = 1). This can be obviously attributed to the fact
that, in this particular instance, the singly charged
ions are much hotter.
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SPATIAL ATTENUATION OF LANGMUIR WAVES IN GAS-DISCHARGE

NEON AND ARGON PLASMAS

V.J. Zigman and B.S. Milié
Faculty of Physics, University of Belgrade, P.0.B. 550, Belgrade, Yugoslavia

Kinetic studies of the spectral proper-
ties of high-frequency fast (w?/k%vZ > 1)
longitudinal electron Langmuir waves, ex-
cited in weakly ionized, weakly collisional
gas-discharge plasma, indicate that, gen-
erally, two mechanisms of attenuation of
the waves, i.e. the Landau (collision-
less) and the collisional dampings compete.
Both of these mechanisms depend on the
reduced electric field (the Townsend pa-
rameter) Eo/n,, and on the transport co-
efficients, characterizing the steady-state
background plasma bulk. The Landau
damping, in particular, also exhibits strong
dependence on the specific form of the
steady-state electron distribution function
(SSEDF) fo(¥) [1,2]. When the anisotropy
of the SSEDF due to the drift of the elec-
trons is taken into account, by way of
the two-term EDF approximation, f.(v) =
F2(v)+ f2(v) cos x, the Landau attenuation
of Langmuir waves is shown to depend on
their direction with respect to that of the
electron drift [2]. This fact makes it in-

teresting to regard the damping process in

space, rather then in time.

Therefore, in the present paper atten-
tion is focused on the weak spatial attenu-
ation, by taking the wave vector k as com-
plex (E =k + il_c',-, k; < k) and keeping w
purely real. The spectrum is taken in the
longwavelength (k?r%, < 1) Bohm-Gross
approximation

2,2

2 2 Vte
W' = wp (14 —E),
pe

(1)

yielding isotropic group velocity, related to
the phase velocity by v,u; = £v2. Here vy,
is the electron thermal velocity, and & is
a dimensionless functional of the SSEDF
defined previously [3]. Following the gen-

eral procedure [3], and taking into account
the collisional attenuation as well, one,
presently, obtains the spatial decay rate for
Langmuir waves with spectrum (2), prop-
agated at an angle § with respect to the
electron drift. Namely, k;, as function of
the phase velocity w/k and scaled to the
electron Debye radius rp. 1s expressed in
the following form:

w4

1 v
kirpe = éD—S[\/;CQ(w/k) ot ™

FO(w/k) + fH{w/k) cos 0
£80(0)

+ 28], (2)

Wpe

where

292 ’
WU,

with v, being the electron-neutral effec-
tive collision frequency, B being another di-
mensionless functional of the SSEDF; both
of these, along with the quantities D and
C, are defined previously [3,4].

It is easily seen that the first and second
term in (2) can be readily interpreted as
the purely Landau kFrp. and the purely
collisional kSrp. decay rates, respectively,
both contributing to the overall k;rpe.

On the ground of (2), comparison of the
decay rates of Langmuir waves of a given
phase velocity, as they evolve in argon and
neon gas-discharge plasmas under analo-
gous conditions, i.e. at equal values of
Ey/n, (10 Td and 50 Td), degree of ioniza-
tion X (1073), and neutral number density
n, (10*m™3), is elaborated presently. The
selected interval of phase velocities exam-
ined (2.2 x 106, 3.0 x 10°m/s) corresponds
to the region of weak attenuation, and only
direct waves, propagated in the direction of

Q(w/ik) = <1 —£
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the electron drift (@ = 0) are considered.
The evaluations were performed with two-
term SSEDFs pertainig to Ar [4], and Ne
[5], that have been shown previously, to
yield reliable transport coeflicients for the
plasmas in question.

the Landau mechanism is dominant at the
lower limit of the vy’s interval, and at the
upper limit collisional attenuation prevails.
In Ar, where klrp, goes to zero for the
largest vys considered, the overall k;rp.
goes through a minimum attaining subse-
quently the slowly increasing kf rpe value.
In this case the attenuation of the wave is

Table 1:
purely collisional and determined by the
wik | Eofnn | kirpe | K/RE [ fO/fE ) kirpe | KP/EE [ F/£°
[10°2] | [Td] ARGON NEON
2.2 10 2.52 1073 0.90 0.24 5.00 10~ | 2.2 10° | 0.092
50 1.87 1071 | 1.4 107 0.28 6.68 10~ | 3.5 10° 0.27
2.4 10 1.56 1073 | 1.1 10~° | 0.37 2.771071 | 1.0 10° 0.21
50 2.30 1072 | 1.4 10? 0.41 6.11 107 | 2.7 103 0.36
2.6 10 1.80 1072 | =~ 10712 | 0.51 3.37 1072 | 1.1 107 0.38
50 2.69 1073 0.5 0.54 4.48 1071 | 1.7 103 0.48
2.8 10 2.04 103 0 0.64 1.16 1073 2.2 0.51
50 2.051073 | 6.5107% | 0.68 2.48 107 | 8.1 102 0.58
3.0 10 2.27 1073 0 0.78 4.08107* | 1.11072 | 0.62
50 2.29 1072 | 2.9107% | 0.83 1.04 107 | 2.9 102 0.67

The results arrived at show that the col-
lisional decay rate, k{rp., increases very
slowly with vys, remaining of the order
10~3 and 107%, in Ar and Ne plasma, re-
spectively, on the whole interval of vss ex-
amined, at both 10 Td and 50 Td. On the
contrary, the Landau decay rate, kfrp.,
decreases towards higher vgs, more dis-
tinctly at the lower Ey/n, value and more
markedly in Ar.

The values of the resulting overall decay
rate, k;rp., as well as of two other con-
veniently chosen parameters, kF/k¢ and
21/ £ on the specified range of vys and
Eo/n,s are listed in Table 1. The param-
eter kF/kS indicates the relative signifi-
cance of the two mechanisms of attenua-
tion, and the ratio f21/ f%° taken at the ve-
locity of electrons resonant with the wave,
estimates the relevance of the two-term
SSEDF approximation in determining the
Landau damping.

It is clearly seen from Table 1 that

bulk properties of the plasma. It is inter-
esting to note that, in all the cases exam-
ined, the evaluation of the kFrp, with the
anisotropic part of the SSEDF included,
is of unquestionable importance. The ra-
tio f21/ f% increases as the distribution ap-
proaches the high energy tail, but it is also
far from being negligible at the lower vy
limit, where f°! amounts to roughly 30%
of the % value in both Ne and Ar at 50
Td.
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High-Power Backward-Wave QOscillator Operating far from Upper Cutoff

Koji Tanaka, Xiaodong Zheng, Kazuo Minami, Takao Nagahama and Hisashi Tokumasu
Graduate School of Science and Technology, Niigata Univerity, Niigata 950-21, Japan

1. Introduction

Usually, high-power backward-wave oscillators
(BWOs) operate near upper cutoff edge of the
transmission band i.e. n-mode[l] shown in Fig.1. The
reason is that the starting current usually has its lowest
value in m-mode. In an ideal case, the guiding magnet
field is so strong that the electrons are restricted to move
only in the axial direction. In this case, the electrons
only interact with TM modes in the slow-wave structure
(SWS). However, in the actual experiments, the strength
of guiding magnetic field was finite and the effects of
electrons rotation have to be considered. When the beam
currents are less than a threshold, hybrid TE;; mode
plays an dominant role instead of symmetrical TMy,
mode in BWOs[2]. Because the starting current for the
latter is greater than that of the former. There is a
possibility of mode selection of TE;, from BWO by
controlling the beam current. In this investigation, we
report the experimental results about the BWO
operating far from n-mode.

2. Experimental setup

We designed and constructed a SWS which consisted
of aluminum modules and can be varied in length up to
9.5 periods. The inner structure wall radius, R(z), varies
sinusoidally according to the relation

R(z) = R, + hcos(k,z)
where ky =27/ z,, zo is the length of the corrugation

period, Ry and /4 are mean radius and the amplitude of
corrugation. The parameters of SWS in this experiment
are chosen as follows: Ry=1.445 cm, z;=1.67 cm and
h=0.445 cm. Schematic drawing of SWS and annular
beam are shown in Fig.2. The dispersion diagram for
TM,, and TE,, modes in an infinitely long SWS with the
same dimensions is shown in Fig.1. Marx generator is
used as a high voltage source to generate and to
accelerate the intense pulsed electron beam. The annular
electron beam is generated by a beam diode that consists
of an aluminum cathode with circular edge and a foilless
stainless steel anode. The operating voltage of Marx
generator is varied between 70-130 kV with a pulse
length of about 100 ns. The dot dashed line in Fig.l
indicates a beam line with energy 110keV. The beam
diode and SWS are installed in a stainless steel pipe
which is evacuated by a turbo molecular pump and a
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Fig.1 The calculated dispersion diagram of the
sinusoidally corrugated waveguide.

Annular electron beam

| Zol

Fig.2 Schematic drawing of slow-wave structure and
annular beam.

diffusion pump to pressure less than 2 X 10° Torr. The
electron beam is guided by axial magnetic field, By, of
0.05-1.0 T. The beam current is measured with
Rogowski coil at the upstream side of SWS and the
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diode voltage is diagnosed with a resistance voltage
divider positioned at the upstream of the diode.

3. Results

In the experiments, we measured the output power,
frequency versus the following parameters: the length of
SWS, the magnitude of the axial magnetic field, and the
diode voltage. The tests with different lengths of SWS,
9.5 periods, 7.5 periods and 5.5 periods are performed
to clarify the influence with decreasing the length of
interaction. Microwave output power as a function of
diode voltage is shown in Fig.3 for a given magnetic
field of 0.97 T. The power is seen to increase
monotonically with the diode voltage over the range of
80-125 kV, and is increasing with the length of SWS.
The starting currents are decreased with the longer SWS
which contributes to an increase in microwave output
power and efficiency.

The radiation pattern is measured by scanning the
receiving antenna in horizontal direction[3]. Typical
mode patterns under the condition of two different beam
currents are measured. Figure 4 i(a) and (b) show the
resuits for 300 A and 500 A, respectively. The distance
between the output window and tjle horn antenna is 1.5
m. The diode voltage and the magnetic field are 110kV
and 0.97 T, respectively. The shape of measured
radiation pattern under the condition of 300 A indicates
that the dominant oscillation mode of BWO is TE,
mode. The calculated TE,; radiation pattern is also
shown by the solid curve in Fig.4 (a). On the other hand,
the measured radiation pattern under the condition of
about 500 A indicates that the dominant oscillation
mode is TM,, mode. A solid curve in Fig.4 (b) indicates
the calculated TMy;, radiation pattern at 8.5 GHz.
Usually, the TMg;, mode always are dominant oscillation
mode for BWOs, because an axisymmetric annular
beam is used and operation is made near m-mode
oscillation. For the BWO operating in far from n-mode,
a large current is needed for starting oscillation.
However, in our experiment, TM,; mode is not observed
even in the case of 300 A beam currents.

In conclusion, TE;; and TM,, modes are, for the first
time, observed separately by changing the operation
condition of beam current in a BWO.
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Experiments on Nonneutral Plasmas in Multi-Ring-Electrodes Traps
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1. Introduction

Experiments on nonneutral electrons = and
positrons have been performed by using developed
three traps, each of which is composed with aligned
multiple ring electrodes ( MRE ). These traps can
generate many types of electrostatic configurations
for confining nonneutral plasmas of different shapes,
according to the purpose of experiment. Figure 1
shows a schematic drawing of the MRE. Each ring
electrode can be biased independently to generate a
desired electrostatic field inside the confinement re-
gion, and also the electrodes are used either to excite
electrostatic modes or to detect their signals.

ring electrodes

surface F
B W AT M A N NN G G ST AN N A R ANR R G NS M

Fig.1 Multi-Ring-Electrodes Trap.
This report describes the recently obtained results
using the MRE traps concerning subjects as:

o Spheroidal plasma

1. Cancellation of the image charge effects to
realize an ideal rigid rotor equilibrium.

2. Relaxation phenomena after ECRH.

e Nonlinear couplings among electrostatic modes
in a cylindrical plasma column.

e Formation of positron plasma.

2. Cancellation of image charge effects

A cold spheroidal plasma is settled in a uniform
axial magnetic field and a hyperbolic electrostatic
potential well written by ¢ = A(r? — 222), if the
surrounding wall is far away from the plasma. On
the other hand, when the wall is present near the
plasma, the image charges induced on the wall de-
teriorate the external electric field and thereby the
rigid rotor equilibrium breaks. However, if the po-
tential distribution on the wall surface ¢r |# is given
as .

o1 |Fr=¢n |F +¢5 |7,

where ¢, |r is the self field potential of the plas-
moid, then the image charge effects on the plasmoid
disappear. This method to cancel the effects is pos--
sible in the MRE trap. It was experimentally proved
that-this cancellation of the image charges much im-
proves the confinement [1,2]. The confinement’ time
became the longest when the parameters of the con-
fined spheroidal plasma coincided with those given
by ¢s If' . . )
Under this cancellation, the electrostatic modes
changes their frequencies since the electric field gen-
erated by ¢, |5 works as an additional field at the

“oscillation. Therefore, mode frequencies differ from

the Dubin’s dispersion relation found for free bound-
ary case 3. Figure 2 shows the observed dependence
of (£ = 1,m = 0) mode frequency on the trapped
total electron number N. Here is also shown the
calculated mode frequency including the additional
field, which is well in agreement with the observed

one.
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- Fig.2 (1,0) mode frequency at the cancellation
of the image charge effects in the MRE ftrap.

3. Relaxation of electrons heated by ECRH
The several ring electrodes of MRE trap are az-
imuthally cut to segments so as to apply asymmetric
perturbations for heating, or to excite and observe
axially asymmetric oscillation modes. An rf power
of ~609 MHz and <3 mW was applied to one seg-
ment of the electrode at the midplane in order to heat
a spheroidal electron plasma by ECRH. This power

level was sufficient to see the heating effect. The

plasma to be heated had the total electron number
of N = 1.8 x 108 with the radius of 9 mm and the

XXM1 ICPIG ( Toulouse, France ) 17 - 22 July 1997




aspect ratio of 9. The high energy tail side of the
parallel components of the heated electrons was mea-
sured by detecting the electrons leaked from the po-
tential well when its depth was promptly shallowed
a little, as usually done for measuring the temper-
ature. In this way, the equivalent T} was deduced.
Figure 3 shows the obtained time variations of T} for
different input rf powers.
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Fig.3 Time variations of 7} after 0.5 ms appli-
cation of ECRH for different input powers P.

Here, it is clearly seen that electron energies heated
perpendicularly to the magnetic field relax to the

parallel energies or to a thermalized state. - At the

higher input powers, there appear overshoots in Tj,
which correspond to the presence of two compo-
nents of the temperature, i.e., the presence of non-
thermalized energy tail. This tail disappears as the
thermalization proceeds.

4. Nonlinear mode coupling in a cylindrical
plasma column

The MRE trap can form the configuration like
the Malmberg trap which plugs a plasma by elec-
tric potential barriers at the both ends. The plasma
confined in this type of trap is nearly a cylindrical
column and axial modes of electrostatic oscillations
are present since the column length is finite. In the
MRE trap axisymmetric modes can be excited easily
. by applying rf perturbations which resonate with the
modes. It was found that nonlinear couplings among
the modes occur and its threshold of the occurence

depends on the electron temperature. [4]. Here is -

presented the recomfirming results of such a mode
coupling. The trap used is a new MRE trap which is
acculately machined and set in a more uniform mag-
_ netic field with the spatial fluctuation less than 10~*
over the whole confinement region. '
The mode is indicated by the number of nodes

along the plasma column €. A typical example of .

the mode coupling is shown in Fig. 4. In this case,
N = 3 x 10® electrons, B = 215G and the radius
and the length of the plasma was 1 cm and 24 cm,
respectively. The observed mode frequencies were 2
MHz for £ = 1, 3.9 MHz for £ = 2, 5.6 MHz for
£=3,71 MHz for £ = 4 and 8.4 MHz for £ = 5.
The figure shows the time variations of power spectra
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when £ = 4 was excited by applying a burst of 7.1
MHz perturbations for 4 us. Immediately after the
end of the burst, £ = 4 mode was quite dominant and
its spectrum was broad. As time elapsed, this mode
disappeared while different modes £ = 3,2,1 and 5
came out. These modes were changing their relative
amplitudes with time and at the later stage £ = 1 and
£ = 3 modes survived for a long time. This mode
coupling changed its feature with the amplitude of
the initially excited pump mode.
=4

10us

y

T T T ¥ —

%\Wéfsaaﬁjﬁkh“ﬂ~rvypyﬂi;xis
[t e
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. 40us -
b vasrAdond
,:Zi L 80ps .

MHiz
Fig.4 Observed time dependence of the power
spectra when the nonlinear mode coupling was
induced by the pump mode £ = 4.

5. Formation of a positron plasma in a super-
conducting magnet

An MRE trap is set in the 8 T superconducting
magnet. This MRE trap has thie inner diarneter of
4 cm and the axial length of 14.8 cm. The confine-
ment time of electrons reached about 4000 s at B =7

" T. As a source of positrons, a 22N, isotope of 0.1

mCi was set outside the trap region. To include an
non-adiabatic process, an axial rf electric field of the
positron bounce frequency was applied on the edge of
the trap. This rf field works as a decelerating kicker
to incoming positrons and, in addition, a resonator
to damp the bouncing oscillation was attached. The
particle number of trapped positrons after the accu-

" mulation for 400 s was 7 x 105. Here, the cyclotron

radiation cooled down the positrons to the room tem-
perature. The ratio of the plasma size to the Debye
length was about 7 at the minimum. This cloud sat-
isfies the plasma condition.
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Nonstationary parameiric processes
in a relativistic semi-bounded plasma

V.N. Pavlenko

Institute for Nuclear Research,
prospect Nauki 47, 252028, Kiev, Ukraine.

In resent years many pa-

pers on parametric instabili-

ties in plasmas of relativis—
tic electron beam (REBR) have
appeared [1-5]. These inves-
tigations are very important
for plasma electronics and

free—-electron lasers

because

the nonlinear wave interacti-
on processes may leads to up-

conversion

of the fr

equency

of the scattered wave as com—
pared to the frequency of the

incident electromagnetic wave.

Previously have been
space-time evolution of three
nonlinearly interacting wave
packets in 1nfinlte plasma

[4,5].

studied

In pesent report we con-

sider the nonstationary para-
metric interaction of three

waves packe

ts in the

semi-

bounded plasma of REB. We as-

sume that

electron b

eam is

filling the region _z>0 and
moved with velosity V= Voéa .
The region z>0 is filling the

media with
tant 8r>o'

dielectric

cons—

We analyzed three-wave

resonant
s-polarized

interaction
volume

two
waves

CEf o5 B2 Ey,ox,,70)
with frequency (W , K )
1,2 1,2
and surface wave (m3, k3),
K ={k o, k }
1,2,3" { T42,3X> 7 ™M,2,32°°
The matching conditicns are
written in the form:
Wa= Wyt V W+ Aw .
K3= E2+ vﬁ1+ AK, v= #1 is sign
function, Aw and AR is repre-

-sent the frequency and wave-

number mismatch. We consider
waves satisfying the dispersi-
on relation:

I 2 L2, 2.7211/2
0,07 Ny o (ByTpCT+ 6h7,")

i

- -
kBVo" rwp703/2(28r) 1/?2)
where = 1 correspond to the
surface with negative ( and
r= -1 positive ) energy,
To= (- Vg /c2 )'1/2 . wp is
electron plasma  frequency,
N1,2=[ 8(&1,2) ]1/2 s, Where
8(w1’2) - are the dielectric
constant of media, filling the
region 2>0. From (1) and (2)
it is easy to show thai Wy 2
(up—conversion of the frequen-
cy), if N1VO /¢ >1.

We obtain the system of
equations described the diffe-
rent nonlinear wave interacti-

one the surface wave with ele-

(.03'
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ctromagnetic waves ( the te-
chnique to derive these equ-

ations has been deseribed in (1]
[2,4,6]). We shall study
these equations in parametric (21

approximation, i.e. we assume
that the pump wave amplitude
E1= E1,o (» E2,3) is constant.

We analyzed the propaga- [31
tion of an  electromagnetic
signal wave packet with a
Gaussian amplitude profile in [4]
the presence of 2 REBE with
initial modulation. It is
shown that a diffusion broa-
dening in space of the wave [5]
packet occurs. The diffusion
length 1y 1s determined.After
a distance that is much lar-
ger than the Zd,'a phase 1loo- [6]
king will take place, however,
and the growth rate has then
reached its maximum value.

We think that the results
of the present report can be
useful for some free-electron
laser work, as three-wave in-
teraction prooeéses are impo-
rtant in the generation of
ultra-high frequency radia-
tion. :

References
R.C.Davidson and Y.Z.Yin:
Phys.Rev. A30 (1984) 3078.
S.V.Davydov,V.P.Zakharov,
V.N.Pavlenko: Radiophys.
Quantum Elecironics,
32 (19290) 999,
V.N.Pavlenko,S.V.Davydov,
L.Stenflo: Soviet J.Plasma
Phys., 18 (1992) 398.
S.V.Davydov,V.N.Pavlienko,
L.Stenflo and I.Weiland:
Physica Scripta, 45 (1992)
257.
V.N.Pavlienko,S.V.Davydov:
Abstr.Intern.Conf.on Plasma
Phys. (Nagoya,Japan,1996),
p.124.
A.G.Sitenko,V.N.Pavlenko:
Sov.Phys.JETP, T4 (1978)
128.

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




I-234

Propagation of Whistler Wave Packets in a Collisional Plasma

E. Sonnenschein 1, I. Rutkevich 2 and D. Censor !
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Ben-Gurion University of the Negev, Beer Sheva 84105, Israel

The theory of wave packets (WP) in dispersive media
without wave energy absorption has been extensively
developed and discussed in the literature {1, 2]. For a
homogeneous medium a WP is constructed by the
continuous superposition of the elementary waves which
have close values of their wave vectors. Usually such a
superposition is presented in the form of the integral of
the function A(k)exp[i(k-x-wt)] over the k-space. The
frequency ® and the wave vector k are related by the
dispersion equation D(®,k)=0 characterizing the
properties of the medium with respect to wave
propagation. The Fourier transform of the spatial WP at

t=0 is the function A(k) concentrated in some vicinity of .

the carrier wave vector k. The spatial maximum of the
WP envelope propagates with the group velocity
W=0w/dk where the derivative is calculated at k=k¢. As

can be shown by the saddle-point method for calculating
the Fourier integrals (2], for large times each small
section of the WP can be characterized by the

instantaneous values of the local wave vector f((x, t) and

the local frequency @(x,t)=m[ k(x,t)] where the relation
(k) is determined by the dispersion equation. These
local characteristics of the WP maintain constant values
along the straight-line trajectories x = X(t) called rays.
The description of the rays associated with the WP
propagation admits the Hamiltonian formalism: The

vectors X(t) and K determine the position of the
dynamic system in coordinate space and in momentum
space, respectively.

In dissipative (absorbing) or active (amplifying)
media the elementary waves that are sinusoidal in space
(Im k=0) decay or grow in time (Im ® # 0), while the
time-periodical waves (Im @ =0) decay or grow in space
(Im k# 0). This leads to a complex group velocity
vector. When the medium is absorbing, the WP acquires
some new features in comparison with its behavior in
non-absorbing media. Thus, the velocity of the WP
envelope maximum V changes with time even in the
case when the medium is homogeneous [3-5]. In addition,
the local wave number which can be determined in the
point of the envelope maximum also changes with time
[3]. These circumstances provide the difference of the
vectors V and W. In an absorbing medium vector W is
complex at the point of the envelope maximum,
Although the velocity V can be expressed in terms of
both real and imaginary parts of W, the concept of the

complex group velocity remains obscure from the
physical point of view. On the other hand, several
examples existing in the literature show that W may
represent a real physical velocity in an absorbing medium
[4-7] , if for some real or complex values of the wave
vector k, the vector W becomes real.

The purpose of the present paper is to examine role of
the real rays provided by the requirement Im W=0 in the
propagation of one-dimensional WP in homogeneous
absorbing media and to show that such rays determine all
local characteristics of the WP for large times and
distances. To illustrate the features of the WP that are
associated with the local group velocity which remains
real in the presence of absorption, we investigate the
exact analytical solution for a Gaussian WP in a medium
characterized by the quadratic complex law of dispersion
o=(a.—iP)k? . This dispersion equation is commonly
used for whistlers propagating along the magnetic field
lines in a collisional magnetosphere. The parameters o
and P which are responsible for the dispersion and
absorption of the whistlers are determined by

o=c’0, /o, , B=av,/o,.Here cis the vacuum

_light velocity, ®¢e is the electron gyrofrequency, Wpe Is

the electron plasma frequency, Ve is the mean collision
frequency of electrons. When the initial distribution
u(x,0)=Re f(x) is a Gaussian WP given by

f(x) = Cexp(ik x —x* /h?) , 4}

after introducing the dimensionless variables and
parameters

E=k.x, =Bk, N=k,h/2, a=o/p )
the solution of the Cauchy problem is given by

u(x,1)/C = (E, ) = E(E, 1) cos[6(&, 1)] ,
B 1) = exp[-y(€, 1] 3)
[a+e/N2)2 +a2e? Ne] "

~where y(&,17) is given by

A+ T/NHE-E ()P LT
4[(N+1/N)? +(at/N)*] 1+1/N2

y(E 1) = )
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Here &, (1) = 2a‘c/(l+’t/N2) is the normalized
coordinate of the WP envelope maximum. The phase
function 0 in Eq. (3) has the form

0(E, 1) = (&, 1) -»—;—arctan( 3;2 )

T+
&)
_E(1+T/NY)—at+ab’t/(4NY)
T (+t/NHP+a’?/N?

When N2>>1, i.e. the characteristic number of spatial
oscillations inside the WP is sufficiently large, the local

complex wave number k* can be defined as

k‘=§9- ,ki"= _a_".’.

6
fo9x ox ©)

The exact solution presented here shows that only at
t=0 the real part of the local wave number k' is

spatially uniform and equals the carrier wave number k¢ .’
For any small t >0 the WP acquires an inhomogeneous

filling: Any given value of the wavelength can be found
within the WP. Away from the WP center for t>0 very
short local wavelengths appear. The family of the

trajectories k,* =constant in (x,t) plane is shown in
Fig.1. As is seen from this figure, for small times ¢,
sufficiently large values of 1k,*l propagate from the

wings to the central part of the WP and after reaching the
turning points where dx/dt=0 they propagate back to the
wings, so that for t— oo the velocity of propagation of

a given value of k," tends to the real group velocity

W* = W(k, +ip k,"/a). The straight-line trajectory I"
corresponding to k"= k¢ is exceptional' since along I
both real and imaginary parts of the local wave number
k"= (1+iB/o)kc all time remain constant and propagate
with the real constant group velocity W(k*) .

The obtained solution indicates that in a.

homogeneous medium the initial carrier wave number
may propagate with the real group velocity at all times if
‘the requirement Im W=0 is satisfied in some point of the
WP profile at 1=0. The velocity of the envelope peak is
an important characteristic of the WP. However, in an
absorbing medium the peak velocity is not the group
velocity: The wave group is marked by its wave number
or frequency and these quantities change with time in the
center of the WP. For large times the group of spatial
oscillations with the initial carrier wave number k. can
be found far away from the WP center. Such a behavior is
displayed even in the case of weak absorption.

To estimate the influence of the collisional wave
damping on the typical whistler WP in the Earth's

magnetosphere we used the following parameters: the
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carricr wave length is 2 ki, the initial WP width is 8.9
km, the characteristic frequencies are @ e =1.8 MHz,
mcc=0.26 MHz, vc=l .3 kHz. These parameters were used
~ in calculations of the trajectories shown in Fig. 1. The
wave absorption provided by the collisions results in the
localization of the wave group with k * =kc ahead of the
envelope peak. Thus, after time t=0.014 s the distance
between the spatial envelope maximum and the position
of the carrier wave number reaches 60 km and the
lowering of the central wave number is close to 9%.

4

2x/h
Il 1 1 I
200 300 400 500 600

0

-300 -200 -0 O

100

Fig. 1. The space-time trajectories along which the real
part of the local wave number k,* is constant for various

values of the parameter x =k,*/k, with a=200, N=7.

The time variable is defined as 1= Bkc2t . The straight

line T shown for x=1 is the solution of Hamiltonian
equations corresponding to the initial carrier wave
number.
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Analysis of Stability of Strong Shock Waves in Metals
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1. Strong shock waves in metals provide an
important dynamic method for the generation of a dense
plasma [1]. The possibility of the spontaneous emission
of sound from such shocks {2] is of interest for the
physics of shock waves and for various applications,
including the experimental studies of a dense plasma and
the problems related to inertial fusion.

For shock waves in metals the experimental
Hugoniot adiabatic (HA) is commonly presented as the
relationship between the shock velocity D and the
particle velocity behind the shock U. For most metals
the empirical dependence D(U) is a straight line:
D=cg+SU [3]. On the other hand, when the problem of

stability of a shock wave in an arbitrary medium is

considered, the criteria of instability are formulated in
terms of the Hugoniot adiabatic py= py(p2) connecting

the pressure ps and the density po of the shock-

compressed material and in terms of the Mach number
Mj=(D-U)/c; for the subsonic flow behind the shock in
the frame of reference, in which the shock is at rest [2].
Here c2 is the sound velocity behind the shock.

As is well-known [4], for a given dependence D(U),
the function py(p2) can be determined from two of the
Rankine-Hugoniot relationships which express the
conservation laws for mass and momentum across the
shock. However, pg(p) alone cannot determine the sound
velocity which is a thermodynamic quantity. To find this
quantity and, subsequently, to apply the stability criteria
one has to obtain the equation of state (EOS) for the
shock-compressed material. The fundamental principles
of thermodynamics can be employed to find the EOS
providing such a form of the specific internal energy
&(T,p) that would be consistent with the law of variation
of g(p) along the HA. The latter follows from the third of
the Rankine-Hugoniot relationships, which expresses
the conservation of energy across the shock. In addition,
if a connection between two unknown functions of
density, which are the cold compression pressure and the
Griineisen parameter, is specified (for example, see the
Slater - Landau model [4]), then a complete
thermodynamic description of the material can be
obtained.

This paper considers the possibility of spontaneous
emission (SE) of sound and entropy-vortex waves from
strong shocks in metals. The occurrence of SE means the
existence of such two-dimensional sinusoidal sound
waves impinging on the shock, for which the reflection

coefficient becomes infinite. This results also in
spontaneous corrugation of the planar shock front. The
problem of corrugation instability of a planar shock was
first addressed by Dyakov [5] and Kontorovich [6].
During long time since the formulation of the classical
criterion for SE, appropriate physical conditions for
which this criterion is satisfied have not been found.
Only recently [7,8] it has been shown that SE, indeed,
may occur behind very strong ionizing shocks
propagating in inert gases. A simple thermodynamic
consideration of the conditions for SE from strong
shocks in metals was given in [9] where it was shown
that SE may appear for sufficiently strong shocks.

In this paper the three-term EOS presenting the total
pressure as a sum of the cold elastic pressure, the thermal
atomic pressure and the thermal pressure of free electrons
is employed. The numerical solutions that allowed
calculating the sound velocity, the shock temperature and
the threshold for SE are obtained. The occurrence of SE
from strong shocks depends on the slope S of the
straight-line HA. It has been found that strong shocks
propagating in such metals as molybdenum characterized
by relatively low values of S are susceptible to SE.

2. When an experimental dependence D(U) is known,
two of three Rankine-Hugoniot relations representing the
conservation of mass and momentum allow determining
the Hugoniot adiabatic in the plane of variables (p,,p;)

[4]. The problem considered below is formulated as
follows: For a given form of the HA find the EOS
determining the pressure p as a-function p and T. In
addition, find the specific internal energy € and the
specific entropy s as functions of p and T. The solution

of this problem should satisfy the condition

& - =eg®=pg@®U-p"1/2p, (D
Here p=p,/p; is the densities ratio across the
shock. The following three-term EOS [4] is assumed

p(p, T) = p(p)+ pr(P, T) +pe(p. T)

@
[pr=pl(PlEr . pe=plc(P)e. ]
where pc is the cold elastic pressure, pr is the thermal
atomic pressure, pe is the contribution of free electrons
to the total pressure. In Eqs. (2) €T and &g are the thermal
parts of the specific internal energy due to the atoms and
the electrons, respectively. These quantities are given by
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er =CyT, €, =B(p)T2/2 3)

where Cy is the specific heat of atoms and Cy, =p(p)T

is the electronic specific heat. The functions I'(p) and
Ie(p) are the Griineisen parameters for atomic and
electronic subsystems, respectively. The function B(p) is
the electronic specific-heat coefficient which is connected
with Te(p) by the relation I'e=-dlnB(p)/dinp. The total
specific internal energy is presented in the form similar
to Eq.(2)

elp,T)=¢ (p)+er(p,T)+e.(p,T) )

where e is the elastic potential energy: de¢ /dp=pc/p? .
The specific entropy s is calculated from the identity

Tds=de—(p/p*)dp. Then Egs. (2)-(4) allow

calculating the sound velocity c(p, T) = +/(dp/dp), and
the shock temperature T=Ty(p2). To obtain a closed

thermodynamic description of the shock-compressed

medium the Slater - Landau model {4] was used

dlIn|d /d
ry=-2_Lamldp)ra] 1
3 2 dinv p

&)

Along the HA the internal energy is a known
function of the density. Inserting Eq. (1) into Eq. (4),
setting T=Ty and differentiating the result with respect to
p=p2 leads to the equation:

dTy , 9B T®

S + ®
dp dp 2

Pe
==+ (Cy + BT,
dp p2 (V BH)

Thus, a system of coupled equations (5), (6) was
obtained for functions I'(p) and pc(p). The initial values
at p=p] were chosen from the requirement that in the
plane (p,p) the HA and the initial isentrope s=s] have a
second order touching in the initial point.

3. The criterion for SE [4] reads as follows:

h (P, M;) < h=—V22[dﬁj <1+2M,
dp2 H
®)
-M,2(p
M,=V,/c,<1, h, =l__1\_/l_22_(__p?_-l-_l_)_
I+ M,°(p-1)
Here h, is the critical value of the Dyakov parameter
h determining the threshold of SE. Numerical
calculations of the lattice Griineisen parameter and the
cold elastic pressure allowed us to calculate the sound
velocity behind the shock. As a result, the critical
parameter h,_ and the criterion for SE were calculated. It

was found that SE from shock fronts may occur in
metals, for which the slope S of the straight-line HA is
less than 4/3 (for example, in molybdenum where
S=1.26). The Dyakov parameter h and the critical
parameter h_. as functions of the density ratio p along
the HA for molybdenum are shown in Fig. 1. The
thermodynamic model which neglects the electronic
contributions to the total energy and to the total pressure
always predicts the occurrence of SE for sufficiently
strong shocks [9]. Taking account of the thermal pressure
and the thermal energy of free electrons may have
stabilizing effect with respect to SE for metals with
relatively large values of the parameter S (such as copper,
for which S=1.5).

0

0.2 b ¢ | 2>7 N

/
0.4) /
0.6 I’ /

wll/
V ;

1 1.5 2 2.5 3 35

Fig. 1. The Dyakov parameter h (solid curve) and the
critical parameter h¢ for molybdenum (S=1.26) calculated
along the HA from the three-term EOS (dot-dashed curve)
and the two-term Mie-Gruneisen EOS (dashed curve).
The critical degree of shock compression p
corresponding to the threshold of SE is equal to 2.8 and
3.3 for the two-term and three-term EOS, respectively.
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Restricted Density Perturbations in a Magnetized Electronegative Gas Positive
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1 Introduction

A plasma in the electronegative gas positive column
contains generally some kinds of positive ions and
negative ones. Now, the discharge tube is long enough
and in a longitudinal magnetic field B. For simplicity,
the plasma with one species each of positive and
negative ions is treated, and assumed collision
dominant. The presence of the negative ions usually
causes the plasma to constrict into a region near the
tube axis. This constriction is remarkable when the
negative ion density is comparable to the electron one
(1, 121

The density distributions ny
assumed to depend on only the distance » from the axis,

() in steady state are

where j = p for the positive ion, j = n for the negative
ion and j = e for the election. At the ratio g(r) =
n o(")n(r) of the order 1 as mentioned above, the
distributions ",o(") can be obtained numerically only.
However, at some strength of the field B fortunately
those n ]D(r) are determined analytically.

2 Analysis

The charged particle flow densities T 0 in steady state
can be obtained from

Q ; ~
- =D,V + By + (T, x 2)-T,,
7

0y

which is based on the momentum conservation of j -
type particles in the field B. Here,

4 B
W, = 1 and Q= 9, , Q)
mjvj m]c]

v, being the momentum transfer collision frequency
and Z the unit vector along the tube axis. It should be
noted that Iujl and IQJ,I are respectively the mobility
and Larmor frequency.
Putting the r - component of the current density
derived from eq.(1) to zero, ie. 0= zq jl‘jg), we can
J

obtain the ambipolar field E¢?, used in egs. (4) and

4
(11) later. We here assume that the ambipolar diffusion
mentioned, and the space charge neutrality are still
effective when the present plasma comes to be with low
frequency perturbations. The flow density perturbations
r, are obtained in linear approximation about n, and

E, from eq.(1) which is replaced T ]0 with T ot Ly
with nytn, and E, withE + E,.

My

First, the assumption of the ambipolar diffusion leads
to

0= qurj.,” )
7
lZfr) -[2} a ,y
Ml — 1+ | =
A w,| or\ n,

’
E(r) E: +nj° el _nl
+ES0) )8, H, (n n,

Jme jO

=elu,

@
We simply put ny = n () and n, = n_, (r.f) for the

electrons, and

>

Jme

~1
' n, u’f
1 L 0 1
A =(1+28j#J , ej=hil
0 e

1 L
Dj = Wy =7-3

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




1239

!
Further, Y  stands for the sum of j except j=e. The

Jue
ratios 8; are of the order 1 for se2 5 10, of which
values correspond to the field strengths near but less
than the critical field B_ for the helical instability.

Second, taking account of eq.(3) and azimuthally
uniform perturbations, the assumption of the space
charge neutrality leads

d @
O—EZ—ZqJ.Fj,

d n
—dE® 4| L |E® 4
n"az{ ' (no) 0

Here, Eg’) is the discharge field. We have put the
charge g, = -q, = -q, = e, for simplicity.

D, 8
| 02

=€

. =)

©

Then, we express n, for the electrons and E; (= -VVi)

as

n,(rt) =ﬁ1(r)e7(p{i(kz _wt)},

~ @)
V,(nt) =V, (r) expli(kz - wt)}.
Using the above expansions, eq.(6) leads to
i K
LI ! ®

n, l+iaK RE®’

where K=kR and a=T,/(R,E{”), R being the tube
radius. We have used Einstein's relation, D,/|u,|=Te/e,
Te being the electron temperature in energy unit.

From the charge neutrality assumption, on the other
hand, AV, = 0. This leads to a solution

Vi(r) =V 1, (kr), ©)
where V, is the perturbed potential at the axis and I (z)
the zeroth order modified Besse! function. We may
regard ¥, as constant, i.e. E” «0 in the constricted
plasma as stated in the introductory part. Therefore,
eq.(4) with eq.(8) leads to the following restricted
density perturbations.

(10)

at the strong field B which gives e} = O(1). We call

this restriction a same ratio approximation.
3 Discussion

We have considered fhe positive column of CF, gas at
pressure (1 ~ 2) Torr with the tube radius R = 1 cm.
For ¢ j‘ = 0(1), the ambipolar field concretely given as

Ef,') = __Al_g_e__l_%

11
u‘e nO dr ( )

becomes weak in the bulk of the constricted column,
but strongly the periphery, compared with that for usual
inert gas discharges. Further, all j - type particles'
mobilities across the field B are of same order in their
magnitudes.

Under the above the density
perturbations are kept in space charge neutrality by
same order drift speeds of each j - type particles.

These perturbations may be proportional to their own
steady densities. Then, the restriction(10) must be
maintained sufficiently. If the field B is weak enough
(ef « 1), the perturbations are preserved in their

circumstance,

charge neutrality by a quick response of the electrons
and eq.(10) is not necessary to hold (See eq.(4)).
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Negative charge in anode-side region of plasma arc as basis of initiation
mechanism of high-frequency instability

Andrei P. Smakhtin, Valentin V. Rybakov
Moscow State Aviation Institute (Technical University)
4, Volokolamskoe Shosse, Moscow, 125871, Russia

In present time lots of different types of plasma arc
instabilities are known [1]. These instability types each
are determined by inherent characteristics both to the
frequency and to the intensity of electromagnetic
oscillations. It is obvious that some one of these plasma
instabilities has the individual initiation mechanism.
In this paper we consider the possible mechanism of
electromagnetic high-frequency instability initiation
conditioned by formation of the three-dimensional
electrical negative charge near the anode of the plasma
arc. Kindred instability is exhibited by an experimental
approach in different technical systems using the
plasma arc. For example, under appropriate conditions
this type of the instability is initiated in the plasma arc
of such electro-rocket engine as magnetic plasma
. dynamic (MPD) thrustor. This process is called as the
limiting operating conditions of the MPD thrustor.
‘As is known there is a thin layer near the anode inside
which the electro-neutralization of the plasma arc is
broken and through which the electronic current
traverses only. This fact allows to consider the anode-
. side region of the plasma arc as a ordinary vacuum-
diode. In this case the plasma arc plays a role of the
cathode which can be called the plasma cathode.
Contrary to the metallic cathode of the ordinary
vacuumrdiode which emits electrons from its surface
the plasma cathode generates the emission current by
the whole volume of the plasma arc. Hereafter we shall
use the term "the anode current”" J, to mean the
discharge current of the plasma arc and the term "the
cathode current" J. to mean the emission current from
the plasma cathode as is conventional in the literature
descriptive of processes in the vacuum-diode. -
As in case of the ordinary vacuum-diode, the cathode
current in the anode-side region of the plasma arc may
be unequal to the anode currént. The quantity of the
cathode current depends on the operating conditions of
the plasma arc, namely, geometrical sizes, the voltage
and the current of the discharge, the distribution of the
pressure and the temperature in the plasma arc.
We consider the plasma arc scheme which is
diagrammed in Fig.1.
The kinetic model of the emission current generation
from the plasma arc bases on following notion. Each
point of the plasma volume has Maxwell's electronic
speed distribution because of the electrical field inside
of the plasma arc is absent practically and almost whole
plasma arc voltage concentrates in the cathode-side and
in the anode-side regions. As is known Maxwell's speed
distribution depends of the plasma temperature which
is radius variant T(r). By virtue of the fact that the

thickness of the anode-side region of the plasma arc in
the order of the Debye's screening radius is far less than
the plasma arc radius R, the radius of the plasma
cathode is set equal to R.

Plasma
arc

Fig.1 Scheme of plasma arc for calculation of electron
“emission current J, to anode-side region

It is apparent that thermal electrons of the plasma arc
do not all have the speed and the corresponding free
track length which makes possible to reach the anode-
side region. For the calculation of the emission current
quantity it is essential to split the plasma cathode
radius R into the several parts, to determine the plasma
temperature T in these regions with constant radiuses
r. Using the Maxwell's electronic speed distribution
with designated temperature T and the relationship
between the electron speed V and its free track length A
we determine A as a function of parameters T, V [2]. In
the calculation of the emission currént with thermal

"electrons from each of selected plasma parts the

electrons having A longer than the distance R-r should
be taken into account only. These electrons are among
the electrons from "the energy tail” of the Maxwell's
distribution from some electron speed V, depending on

- the plasma parameters at a point on the cylindrical

surface with the radius r. After integration we
determine the whole emission current from the plasma
cathode in the anode-side region.

* - These calculations were performed for the plasma arc

with following conditions: working substance - argon at
operating pressure of 10° Pa; plasma arc radius R = 5
millimeters.

The calculations of the radius temperature distribution
of the plasma arc were performed by the known
procedure [3]. .
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The results of these calculation under a variety of
discharge current of the plasma arc are shown in Fig.2.

1400 i T : '. /

1000 Ja AL /
800

] (v

200
0

9. 200 400 600 800 1000
Discharge current, A

~ Fig.2 Plasma arc discharge current J dependence
of the electron emission current J, to anode-side
region of plasma arc.

From these curves it will be obvious that the electronic
emission cufrent from the plasma arc increases with
increasing of the anode current. The place of emission
increasing is more rapid than the same parameter of the
anode current. The emission current becomes more the
anode current starting with some value. This mode of
operation of the vacuum-diode is called as a virtual
cathode behaviour. In this case there is a minimum of
electrical potential distribution between the plasma
cathode and the anode of the plasma arc. As it is in the
vacuum-diode this electrical potential distribution is not
stable and this mode of plasma arc operation is
accompanied by electromagnetic instability of plasma
arc.

The analysis of the problems discussed above shows
that the situation when the emission current is greater
than the anode current reveals itself more effective with
decreasing of plasma density in the plasma arc. This
fact has been confirmed experimentally because of
arising of the limiting operating condition of the MPD
thrustor with smaller anode current if plasma flow rate
through the MPD thrustor decreases.
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Amplification of Subsonic Ion Acoustic Envelope in a weakly Magnetized Plasma

Isao Tsukabayashi , Sugiya Sato and *Yoshiharu Nakamura
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4-1 Miyashiro, Saitama 345 Japan

*Inst. of Space and Astro. Science, 3-1-1 Yoshinodai, Sagamihara, Kanagawa 229 Japan

1. Introduction

Observations of double layers (DLs) and solitary
waves in the auroral or magnetospherical plasma made
to be a origin[1], there has been great deal of interest in
studying the electrostatic solitary waves in a magnetic
field. Many of works related to this subject have been
done in a plasma with two electron temperatures, ion
~ beam, negative ions species, and oblique magnetic field.
Main characteristics of the DLs or the solitary waves in
a magnetic field can be summarized as follows,
“containing magnetic -field -aligned electric field”, “V
shape rarefactive perturbations” and “moving with
slower velocity than the ion acoustic velocity”.

In this paper, we present for the experimehtal
evidence of subsonic ion acoustic envelopes in a weakly

magnetized plasma.
2. Experimental setup

The experiments were performed in a‘ magnetic
multi-pole plasma device with 80cm length and 60cm
diameter as shown in Fig. 1. The plasma is produced by
a dc discharge in argon at 1~2 X 10™Torr. The typical
plasma parameters are: plasma density ne = 3~5X
10%cm™, electron temperature Te =1~1.5eV and ion
temperature Ti < Te./10. A Helmholtz coil (36cm
diam) provides for a region of uniform weak magnetic
field (Bo<<20G), which direction can be changed by
rotation of the coils.

The double plasma ( DP ) method is conventionally

employed to excite the large amplitude eléctrostatic ion

perturbations, ¢.g., ion acoustic solitons, ion beam and
DLs. In this experiment, the grid excitation method has
been adopted in order to avoid the creation of ion beam
by the DP method. A movable one-side plane Langmuir
probe (10mm diam) and an emissive probe have been
used to detect the density perturbations and the plasma

potential.

Fig. 1. Schematic of the magnetic multi-pole device.
G ; an excitation grid (30cm diam). HC ; a Helmholtz
coil (36cm diam). F ; filaments. P ; an electrostatic

probe, EP ; an emissive probe.
2. Experimental results

One period of sinusoidal negative potential pulse (Vyp =
3~5v, £=100~120kHz*=1; /5 ) has been applied to the
grid. Tﬁe ion acoustic perturbations detected by thé
probe at X=20cm from the grid are shown in Fig.2 as a
parameter of parallel magnetic field.

A leading rarefactive perturbation (A) is excited by

the initially applied negative pulse, and large amplitude
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Fig.2 . Variation of the ion acoustic perturbations in

a parallel magnetized field.

oscillating waves (B) are followed by the first
rarefactive perturbation. Both waves” A .and B are
propagated to coalesce with the ion acoustic velocity
(Cs). Behind the oscillating waves,Aa small trailing
perturbation (C) which is also observed in upper trace
(B=0) of Fig.2; increases the amplitude and forms a
envelope in parallel weak magnetic fields (B=3~5
Gauss). The group velocity of the envelope is slower
than the C,. These characters of the wave excited by a
negative potential pulse are almost equal to the previous
experiment which was performed in a DP device [2].

Rarefactive ion acoustic waves excited by a negative
pulse were investigated by E.Okutsu et. al [3]. But they
had not noticed the trailing slow envelope, because their
experiment was performed in a magnetic field free
plasma. _

Spatial and temporal scale of the plasma in a

parallel magnetic field of 5 Gauss are as follows:
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R~1(60cm) > 1pr ~ree(0.5¢cm) > 4 p(0.5mm) and
£ (200Hz) < f,; (600KHz) < fo(14MHz) , where R , Tpr
are device dimension and probe radius, respectively.
Motion of the electron is only restricted in a weak
magnetic trough with the electron gyro-radius. The
dispersion relation of ion acoustic waves derived from a

fluid model is,

@ vk T, 1 yx T, % 1
c=2_(rxT Nz (0))
: M 1+k*2p M

k
where y;, ¥ are the ratio of specific heats of ion and
electron. The frequency of envelope is composed of the
second harmonic of the precedent oscillating waves.
The phase velocity of the waves in the envelope can be
estimated by the dispersion relaﬁon (1). The time lag of
the envelop which is proportioned to the group velocity

increases in a magnetized plasma as shown in Fig.2.
4. conclusion

Characteristic features of the ion acoustic envelope
are summarized as follows; the envelope is generated
behind a rarefactive perturbation, the group velocity of
the envelope is slower than Cs and the envelope
increases the amplitude in a weak parallel magnetic
field. The existence of the ion acoustic envelope solitons
in a‘plasma with nonisothermal electrons has been
predicted by H.Schamel and P.K.Shukla[4].

References

[1]F.S.Mozer,C.W.Carlson,M.K. Hudson, R.B.Torbeert, -
B.Parady, J.Yatteau and M.C Kelley, Phys.Rev.Lett.8,
292(1977).

[2] 1. Tsukabayashi and Y.Nakamura, Proc. Of ICPP.
3,253 (1994).

[3] E.Okutsu and Y .Nakamura, Plasma Phys.21,1053
(1979)

[4]H.Schamel and P.K.Shukla, Phys.Rev.Lett.36,968
(1976).

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




1-244

EFFECTS OF NEGATIVE JONS
ON DISPERSION RELATIONS OF1ION WAVES
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! Interdisciplinary Graduate School of Engineering Sciences,
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1. Introduction

When ion waves propagate in a negative ion plasma,
there are two mode of propagation: a fast mode and a
siow mode[1]. The fast mode wave was observed by
Wong er al. using a Q-machine [2]. Only a few
observations of the slow mode wave have been reported,
to our knowledge. So far, there are many investigations
of ion waves in a negative ion plasma, however, the
dispersion relation has not yet been so clear, espec1ally
in high frequency region.

Here, we have studied detailed dispersion relatwn of
ion waves in a negative ion plasma. In the case of
T, = 0.1eV, it was found that the phase velocity of the
fast mode wave does not agree with the theoretical
dispersion relation, when exciting frequency approaches
to a positive ion plasma frequency. It was also found
that the measured phase velocitis increase in proportional
to f*, where f is an exciting frequency. This depend-
ence suggests that the free-streaming [3] effect appears
in the negative ion plasma. Furthermore, we measure
the detailed dispersion relation of ion waves in a negative
ion plasma in order to examine the effect of negative
ions in the case of T, = 1eV and compare with the previous
results in the case of 7, = 0.1eV.

_ 2. Experimental

The experiments were performed using a negative ion
double plasma (D.P.) device, 200cm in axial length and
100cm in diameter in case T, = 0.1¢V. It has two pairs
of magnetic cages and is separated into a source and a
target region with an electrically floating grid. The plasma
is produced by a dc discharge in the outer region and
diffuses across the cage into experimental region where
SF, molecules form negative ions (SF,") due to electron
attachment. A Schimatic diagram of the negative ion
double plasma device is shown in Fig. 1. In the case of
T, =1eV, a usual D.P. device, 100cm in axial length
and 50cm in diameter was used. It has one pair of magnetic
cages and is separated into source and target region by
similar way. Typical plasma parameters in experimental
region were as follows : n, =10’ -=10*cm™, T, = 0.1eV
or T,=1eV. In order to determine the negative ion
concentration, we measured the ratio 6f the negative

saturation current of the Langmuir probe characteristics
before and after introducing SF, gases. The same method
was used previously by, for example, Wong et al. [2].
Ion waves were excited by applying 40mV or 200mV
sinusoidal voltages to the anode of the source plasma or
separation grid respectively. Plasma parameters and wave
signals were measured with a plane Langmuir probe.
The dispersion relation of ion waves was obtained from
the wave pattern which is measured using the interference
method.

200 cm

Source

Target

Fig.1 Schematic diagram of the negative ion double

plasma device.

3. Results and Discussion

First, we show the results in the case of T, =0.1eV.
By introducing SF; gases, we observed increases in the
wave length and damping length. The fast mode wave
in a negative ion plasma is known to have the same
tendency. In order to identify the waves which we
observed, we compared the dispersion relation of these
waves with the theoretical dispersion curves of the fast
mode wave. Here we assumed T, /T, =T [T ,=1/6. The
result is shown in Fig. 2. Figure 2-(a) shows that the
experimental results deviate from the expected dispersion
curve in high frequency region. This deviation is caused
by an increase in the phase velocity of the observed ion
waves. If observed waves are bursts, the phase velocity
should increase with increasing exciting voltages.
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However it remained constant when applied voltages
are changed from 40mV to 400mV. Thus the observed
waves are not bursts. Figure 2-(b) shows that the
dependence of the increase in the phase velocity on
exciting frequency in high frequency region is about
f*. This experiment is considered to be the first
observation of the free-streaming in a negative ion plasma
from above result. We mention that no slow mode wave
was found in our experiments, which is explained by
taking into account strong Landau damping of the slow
mode wave for the parameters which we used.

Next, we show the results in the case of 7, ~1eV. In
this device, the negative ion species is also identified as
SF, by preliminary experiments. By introducing SF
gases, we also observed the fast mode wave in a negative
ion plasma. We examined the dependence of the phase
velocity of the wave on exciting frequency. The result is
shown in Fig. 3, where T, /T, = T /T, =1/10 was assumed.
Figure 3 shows that the phase velocities of observed
waves, when negative jion concentration was low, agree
with the expected one obtained from a kinetic dispersion
relation. When negative ion concentration is high,
however, the observed phase velocities deviate from
expected one in high frequency region, though we could
not confirm the power-law type dependence of the phase
velocity on the frequency.

w_.
mn

o 0.2 0.4 0.6 0.8

it ol
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1 J. e e S _—
0.1 v @,

®

Fig.2 (a) Dispersion relation of ion waves. Solid curve

is the theoretical dispersion relation of fast mode
waves. Negative ion concentrationy =0.23.
(b) Phase velocities of ion waves in fig.1 (a) as a
function of frequency. In high frequency region,
the dependence of phase velocities on frequency
is about f*, '
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Fig.3 Phase velocities of the ion waves as a function of
frequency. Solid curves are theoretical values
of phase velocity of fast mode wave. Negative
ion concentration ¥=0.33, 0.54, 0.84, 0.90,

0.93: -

4. Conclusion

The fast mode wave in a negative ion plasma was
observed in two electron temperature cases T, = 0.1eV
and T, =1eV. In the case of T, =(.1eV, we observed
the free-streaming like dependence of the phase velocity
on exciting frequency (v, o f**) in high frequency
region. In the case of 7, =1eV, when the negative ion
concentration was low, the observed phase velocities
showed the good agreement with expected one. However,
when the negative ion concentration was high, the
observed phase velocities deviated from expected one in
high frequency region. .

Here, we are only concerning with the real part of the
dispersion relation, but for more detailed examination
of the fast mode wave propagation, it is necessary to
compare the imaginary part of theoretical values with
experimental results. It would be alsG necessary to
estimate the magnitude of free-streaming effect and the
excitation coefficient of each modes and the contribution
of electron temperature to the wave excitation, which
are our future work. The excitation of the slow mode
wave in a negative ion plasma is still an interesting
subject in plasma physics.
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Simultaneous treatment of iron, ash and wood simulating miscellaneous
radioactive solid wastes by thermal plasma
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Central Research Institute of Electric Power Industry
2-6-1 Nagasaka, Yokosuka, Kanagawa 240-01 JAPAN

1.Introduction

The final disposal of low level radioactive miscellaneous
solid waste produced by nuclear power plants will start
around the year 2000 in Japan. Electric utilities have
imposed that wastes must be solidified before final
disposal. Thermal plasma technology offers advantages
for the miscellaneous waste treatment such as stable
heating at high processing rate as well as high volume
reduction rate and long stabilization of radionuclides.
We have investigated the migration behavior of cold
tracers during melting and the material properties of
solidified products in case of metallic and incombustible
materials[1-3]. This paper describes the ' results
concerning the migration behavior of cold tracers and
material properties of solidified products in case of
simultaneous melting of metallic, incombustible and
combustible wastes[4]. ’

2.Experimental Procedure

We selected carbon steel, fly ash and wood as
representatives  of metallic, incombustible and
combustible waste respectively. Also we selected Co,
Cs and Sr as the cold tracers. 10kg of carbon steel and
3kg of fly ash were set with cold tracers in the crucible
of the 100kW class plasma melting system shown in
Fig.1. Then these materials were melted by transferred
type of the thermal plasma at the power of 30kW
(200A) for 30min., 38-44kW (300A) for 30min. and

45-53kW (500A) for 15min. in the order. The feeding -

of 2g of wood started after Smin. of the arc ignition and
continued for 55 min. The air ratio (the ratio of the
amount of air needed theoretically for complete
combustion to that injected experimentally into the
furnace) was adjusted by changing the feeding interval

of wood and air injection flow rate. Carbon steel and fly’

ash were melted in the N2 and CO atmosphere
simulating reductive gases generated by pyrolysis of
combustible waste. Table 1 shows the experimental
conditions. In the table, CO gas concentrations are the
mean value during melting. The reason why CO gas was
not detected under the conditions of the air ratio of 0.5
and 1.0 is because of consumption of the oxygen in the
water cooled chamber. ’

We clarified the migration behavior of cold tracers
from the weight and composition of solidified products.
Distribution of cold tracers and specific gravity, uni-
axial compressive strength of slag layers and statistic
leaching rates of cold tracers were investigated as

Continuous
Feeding
| Equipment

X-Y Stage \
\g QA%E

Gas Exchange
Chamber : -

Thermo Couple Y

1.5m

L] L]
Water Cooled Chamber Bottom Electrode

Fig.1. 100kW class plasma melting system

Table 1. Experimental conditions.

Weight of Air I?ceding Ir_ljected g:;
feeding materials|Ratio interval | air flow conc
No. of wood] rate
Iron | Ash|Wood (sec) | (m’/h) | (%)
1{9.66[3.00[ 0.4412.09] 149 4 ND
2110.613.00{ 0.46 {1.01] 143 2 ND
3110.6|3.000 0.49]0.52] 14.7 1 ND
419.7813.00/1.320{ 0.17] 5.0 1 1.9
519.8413.000 - - - - 3.4
6 110.0513.00p - - - 0.6 | ND
ND : not detected -

material properties of solidified products. The statistic
leaching tests were based on MCC-1P standards, that is,
test specimens were immersed into deionized water at
constant temperatures of 10 and 40 °C for 3, 7,14 and
28 days. The value of SA/V (surface area of specimen /
leachant volume) was O.lcm’ for slag layers and
100cm™ for metalli¢ layers. The normalized elemental
mass loss (NLi) is calculated using Eq.(1) and leaching
rate is calculated by dividing NLi by leaching periods.
M T Mbi )
f;-SA

In this equation, msi and mbi are mass of element i in the
leachate and in the blank leachate, respectively and fi are
mass fraction of element i in the specimen.

NLi
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3.Results

3.1 Migration behavior of the cold tracers
The general migration behavior of an element during
melting can be explained from its thermodynamic
properties, such as the standard free energy for oxide
formation and the saturated vapor pressure. It is
experimentally confirmed that Co, of which the standard
free energy value is larger than that of Fe contained as a
main component of metallic layer, migrated into metallic
layer and that Sr, of which the standard free energy is
lower than that of Fe, migrated into slag layer as shown
" in Fig.2. Cs high in saturated vapor pressure partially
migrated into the dust. Even though the boiling point of
Cs is lower than the molten bath temperature, it can be
captured in the slag layer. One possible reason is that Cs
ions are trapped in the random tetrahedron structure of
Si04 in the same mechanism as Na ions are trapped in
the Si02-Na2O glass. The most important result in the
figure is that the migration ratios of Cs into the slag
layer decrease when CO gas was detected constantly in
the off gas (No.4,5). This suggests that continuous
reductive atmosphere in the furnace should be avoided
from the viewpoint of Cs migration behavior.

Metallic lAayer O Slag layer M Dust
Co - Sr Cs

g
PriziizizgianzizzZA

Migration ratio (%)
W P2 )

S
w

O\ RZZzzrzrzizzza

123456 123456
Number of experiments

—
[\

Fig.2. Migration behavior of cold tracers.

3.2 Material properties of solidified products

Fig. 3 shows the distributions of cold tracers’

concentrations and specific gravity in the solidified
product in a case where the air ratio was 2. The values
of the relative standard deviations (standard deviation /
mean value) of concentrations or specific gravity are
less than 5% in each solidified products. We can
confirm that these distributions are uniform. This result
indicates that it will be easy to measure the total
radioactivity of the waste forms before final disposal
without distracting them.

The uni-axial compressive strength of slag layers are
more than 500kg:cm? in each solidified products.
These values are larger than those of solidified cement
waste forms (200-400 kgf*cm™) already used for final
disposal of liquid waste. So these values are high
enough to bear the weight of waste forms themselves
stacked up to 9 layers in the disposal site.

‘Only Sr was detected in the leachate of slag and
leaching rates are of the order of 10%g-cm?-day” for
28 days periods. This value indicates that slag layers has
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a good performance to stabilize the radionuclides. The
leaching rates of Co and Cs are calculated using the
values of detectable limits. They are of the order of 10,
107 g+ cm™-day”, respectively.
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(a) Slag layer (b) Metallic layer

Fig.3. Distributions of cold tracers” concentrations
and specific gravity in the sohdified products

4, Conclusion

Carbon steel, fly ash and wood were selected as
representatives of metallic, incombustible and
combustible wastes generated from nuclear power
plants. They are melted simultaneously with the cold
tracers by thermal plasma heating by changing the air
ratio. Solidified products show good properties for final
disposal such as high uni-axial compressive strength of
slag layers, uniform distributions of the cold tracers’
concentrations and gravity in both. metallic and slag
layers and low leaching rate of cold tracers from both
layers. But the results of migration behavior of Cs
suggest that proper treatment conditions should be
chosen in order to avoid extremely reductive
atmosphere when combustible wastes are treated.
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Coaxial underwater pulsed corona discharge as a source of
non-thermal plasma
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1. Introduction

Recent development in the domain of water
treatment have led to so-called Advanced Oxidation
Processes. AOPs are ambient temperature water
treatment processes that involve the generation of
highly reactive radicals (in particular OHs) and
transient species, which destruct organic pollutants
in water without any secondary disposal
requirements.

The use of non-thermal plasma generated in the
liquid water matrix has been demonstrated to be an
alternative to other AOPs as UV photolysis and e-
beam treatment. The starting step in the
development of a non-thermal plasma AOP was the
pioneering work of Clements et al. [1] on pulsed
positive streamer corona gencrated in water using a
point-to-plane geometry of electrodes. Recently, the
pulsed positive point-to-plane streamer corona
discharges has been demonstrated to be effective in
the production of the radicals [2-5]. However, the
studies have revealed that in the point-to-plane
geometry the streamers fill the reactor volume
inhomogeneously, and the corona discharge exists
within only a narrow range of applied pulsed
voltages. In addition, discharge characteristics were
found to be extremely sensitive to changes in water
conductivity and scaling of such type of reactor is
difficult.

As a solution of the above mentioned problems a
coaxial type pulsed corona reactor has been
constructed [6], where a homogeneous high-density
strecamer discharge is generated using a special
ceramics-metal composite anode. This contribution
describes basic electrical characteristic of an
improved model of this reactor type. The results of
tests of chemical effectivity of the reactor will be
published elsewhere.

2. Experimental set-up and results

Experimental set-up used is schematically shown
in Fig.1. The 6 mm-diam. anode coated by porous
layer of Al,O3 is immersed in the cylindrical
stainless steel chamber with a diameter of 30 mm
and length of 200 mm. Fast rising high voltage
pulses are produced by a cable generator. A pulse

forming line (12.5 Q) made from four 50 Q coaxial
cables was charged up to 50 kV from a DC power
supply, The forming line output was switched to
the discharge chamber by means of rotating spark
gap. The discharge gap voltage and current were
measured by a capacitive divider and Rogowski coil.
The measurements were made for the pulse voltage
amplitudes up to 30 kV, corresponding current
maxima up to 1750 A, and the HV pulse frequency
up to 200 Hz, Figure 2 shows a typical couple of HV
voltage and current pulses measured.

The fundamental characteristics of the discharge
that should be known for determination of its
chemical effectivity and for optimisation of the
reactor is the instant ratio of the power used in the
discharge to the total power input. This can be
estimated from V/A characteristics measured at
different values of the time delay t' as those shown
in Fig.3. A typical value of this ratio estimated for
tap water of 5 kO .cm resistivity used is some 30%.

chamber

Uoliage divider I:lj—(

12,5 0, 152 ns line
Rotating spark gap

Rogovski coll
Discharge

Fig.1 Experimental arrangement
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Fig.2 Typical voltage U' and current I' waveforms
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Fig.3 U'-I' characteristics at measured at different
time points t' (see Fig.2).

3. Discussion

Physical tests of the coaxial reactor have shown
that using the composite anode together with
coaxial geometry makes possible to generate a
bushlike coaxial streamer discharge filling
homogencously the reactor volume without
depending critically on the water conductivity and
applied voltage stability. In addition, such coaxial
discharge can easily be scaled up to practical
applications. C _

Preliminary measurements of the decomposition
of small amounts of phenol in aqueous solution
have indicated that in this case study the energy
effectiveness of the reactor is higher than that of ¢-
beam treatment and UV  photolysis. In
determination of the energy effectiveness especially
helpful would be a direct measurement of the OHe
densities by a CARS experiment.

To optimise the streamer corona reactor of prime
importance is the understanding of the streamer
ionisation mechanism [7]. Unfortunately, there is
little data available on the streamer formation and
propagation, in particular, on the question whether
or not an electron avalanche can occur in liquid
water without changing density of water. There
seems to be a difference in this opinion. According
to the recent paper [8] the streamer front develops
via heating by electron injection, lowering of the
liquid density, and the subsequent avalanche
growth, i.e., a bubble process. On the other hand, it
has been suggested that an avalanche can growth in
liquid water by an eclectronic process without a
significant density change under the influence of
high amplitude pulsed electric field. To explain it,
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the mechanisms as collision ionisation [9], filed
ionisation [10}, and ionised waves associated with
proton hopping {11} have been suggested. Since in
[10] at the anode fields higher than 700 kV/cm
during the streamer propagation no hydrodynamic
phenomena were observed in the streamer front and
due to transparency of such fast primary streamer
we favour this hypothesis.
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KINETICS OF NITRIC OXIDE REMOVAL FROM N;:0,;:CO,:NO
IN A POINT-TO-PLATE CORONA DISCHARGE
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Fiszera 14, 80-952 Gdansk, Poland
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Abstract

In this paper results of modelling of chemical processes
in a dry or humid mixture of N»:0,(5%):C0,(15%) with
addition of 400 ppm NO subjected to a dc corona
discharge are presented. The results show that NO,
removal in the dry operating gas is less effective than
that in the humid one. In the humid operating gas (8%
H,O, i.e. concentration of water vapour typical of
exhaust gases) the dc corona discharge decreases NO,
concentration about 65%, while in the dry operating gas
the NO, removal is about 35%. The removal of NO,
from the humid operating gas is possible owing to OH
and HO, radicals produced from H,O in the corona
discharge.

INTRODUCTION

For over twenty years researches have been trying to
remove NO, from exhaust gases by subjecting them to
a corona discharge [1]. Apart from experimental
investigations computer models of chemical processes
are being developed for clarifying a mechanism of NO,
removal [2, 3].

In this paper a model of chemical processes in a dry or
a humid mixture of N»:0,(5%):C0O,(15%) with addition
of 400 ppm NO subjected to a dc corona discharge are
presented. The mixture simulates the exhaust gas
emitted by fossil fuel power plants. To clarify the role of
H,O in the process of NO,, concentration of H,O in the
operating gas was varied in the range 0-50%. Special
attention was put to the variation of concentrations of
NO, NO,, NO, and HNO; produced in the discharge.

MODELLING

A model of chemical processes in the N,:0,:C0,:NO
mixture subjected to a dc corona discharge considered
basic parameters of dc corona discharge and chemical
reactions occuring in the exhaust gases and known from
literature.

It was assumed that a dc corona discharge is generated
in the reactor with the electrodes of the point-to-plate
geometry. The analysis is local. No spatial dependence,
i.e. neither diffusion nor a hydrodynamic expansion of
the corona discharge column, was taken into account.. It

was also assumed that -the discharge is consisted of .
a series of rectangular current pulses which correspond
to primary streamers. Each current pulse produces the
same electrons concentration in the operating gas. On
the base of previous experiment and model [4] it was
assumed that typical duration time of cwrrent pulse is 20
ns, repetition time is 10™s and electrons concentration is
10" cm™. During the pulses electrons collide (primary
reactions) with N;, O,, CO, and H,O producing
chemical active species which react with all components
of the operating gas (secondary reactions). The reaction
rate coefficients of the primary reactions depend on
electric field in the discharge [5]: ‘

| k, = 10~ A-BIEN) W
where: k;j - rate coefficient for i primary reaction
(em™s™),
A, B - coefficients,
E - electric field (V:em™),

N - gas density at 273 K and 1 at (mol.-cm™)

The value of the electric field in the discharge was taken
from [2]. The reaction rate coefficients of the secondary
reactions were taken from the literature [6]-[8]). The
model includes 242 reactions with 39 radicals, ions and
molecules. '

RESULTS AND CONCLUSION

The results of modelling are presented in Fig. 1. In
general, the results show that NO is removed from the
operating gas while NO, and HNO; (in humid gas) are
produced by the dc corona discharge. The NOy removal
in the dry operating gas is less effective than that in the
humid one. In the case of the operating gas with §%
H,O the dc corona discharge processing decreases NO,
concentration from 400 ppm to 130 ppm. The removal
of NO, from the humid operating gas is possible owing
to OH and HO, radicals produced from H,O in the
corona discharge. The rates of the reactions between
these radicals and nitrogen oxides are much higher than
those between N and O radicals produced in the dry
operating gas and nitrogen oxides. The main product of
NO, removal in the humid operating gas is HNOs. It can
be easily removed from the exhaust gas by adding NH;,
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Fig. 1. Concentrations of NO, NO,, NO, and HNO; in the N,: 07(5%) CO’)(IS%) + NO (400 ppm) mixture as a function

of residence time for different H,O concentrations.

which reacts with HNO; producing ammonium salts
NHNO, and NH,NO; which can be used as fertilisers in
agriculture. The optimal conditions of the NO, removal
process by the dc corona discharge processing,
regarding the efficiency of NO, removal, lowest
production of HNO; and low energy consumption, are:
the residence time of 0.04 s and 8% H,O. This means
that exhaust gases usually contain water vapour enough
for the optimal removal of NO, by corona discharge
processing.
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Influence of neutral dynamics on chemical kinetics for flue gas discharge modeling
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1.Introduction

As is known, pulsed corona discharges are used for
flue gas pollution control. The ionized channel crea-
ted by the successive streamers crossing the flue gas
is a highly reactive medium in which the toxic oxides
(NO, or SO,) are removed. Indeed, the inelastic colli-
sions between charged and neutral particles induce
during a first phase, the excitation, dissociation and
ionization of the flue gas. These primary (OH, O, N)
and secondary (O,, HO,) radicals thus created are
involved in the oxide transformation into acid (e.g.
HNO,) in a second phase and then into mineral salt
(c.g. nitrate) in the last phase discharge. Morcover,
the elastic collisions and the thermal energy relaxa-
tion of excited states irimease the gas temperature due
to the neutral gas dynamics.

The aim of this communication is to study this flue
. gas temperature rise and to analyze its effects on the
chemical kinetics for particularly the NO removal in
the case of a wire-cylinder' (gap=35mm, anode vol-
tage=30KV, maximum current=20mA) corona dis-
charge at atmospheric pressure for an initial gas tem-
perature of 300K in a flue gas involving 74%N,,
15%CO0,, 6%H,0, 5%0, and a few ppm of NO.
2.Flue gas discharge models

Present calculations are based on a chemical kinetics
model? coupled to a neutral dynamics model® for gas
temperature estimation and to an analytical model’
for electric field and electron current density evalua-
tions in the ionized channel. This electric model in-
cludes the effects of the primary and secondary strea-
mers during a time ty4=140ns. The initial radius of
the ionized channel is chosen equal to 100 pm in
coherence with streamer propagation models®. The
kinetics model involves 39 species (electrons, ions
and neutral species excited or not) interacting follo-
wing 287 selected reactions?. The electron-neutral
reaction coefficients are calculated from a Boltzmann
equation model® and those corresponding to ion-neu-
tral interactions from a Monte Carlo modelS. In the
case of gas dynamic model®, we include the gas hea-
ting via the direct Joule effect and the excited states
(electronic and vibrational) relaxation. The radiative
state relaxation is assumed instantaneous while the
vibrational relaxation time t,;, is close to 100pus.
3.Results and discussion

For the electric field E/N magnitude in the ionized
channel (10 up to 100Td), the major part of the dissi-
pated energy is stored in the gas under a vibrational
mode (Figl). The energy restored to the gas obviously
depends on time and gap position. Fig2 show the
spatial variation of the gas temperature for t=140ns

and t=100ps, i.e. for a time equal to tg;s and ty. As
expected, the maximum temperature is in middle of
the ionized channel (r=0) and near the anode (z=35
mm). The temperature decreases at the approach of
the cathode (z=0) and the borders of the ionized
channel. In this figure, we also observe a radial exten-
sion of the discharge channel which increases its
radius from 100pm up to 200pm. It is due to the
thermal diffusion and energy vibrational relaxation
modes. The thermal shock wave due to excitation
modes (electronic and then vibrational excitation) can
be observed in Fig2 or Fig3 where the gas
temperature, starting from the initial value (300 K),
can reach 750K (after 140ns) and then 550K (after
100ps). These sharp temperature increases near the

“‘anode generate a wave pressure which propagate

along the gap. The gas pressure relaxation leads to
the temperature decrease observed near the anode in
Fig2. The pressure inside the jonized channel (not
given here) reaches its initial value after about 2ps.

As a consequence of this temperature rise, the chemi-
cal kinetics results present several non negligible

~ differences in comparison to the classical case where

the gas temperature is assumed constant ("T=300K"
case). First, the temperature rise restricts the O, and
HO, radical formation (see Figd). In fact, the tempe-
rature rise reduces the gas density thus partly limiting
the effect of certain three body reactions responsible
of the radical formation (e¢.g. H+O,+N, ->HO,*N,,
or O+O,+N,—>O,+N,). The drop of O, density is
also due to the reaction "O,(aAg)+O, —20,+0"
which is more efficient for higher temperature. This
reaction limits the NO reduction due to the
competition with another reactions (as e.g.
NO+O,—>NO+0;). Furthermore, this reaction
creates around 103s a large part of O atoms involved
in the NO creation via: NO,+O—>NO+ O,. This have
a direct effect (via HO,#NO-—> NO,+OH) on the
NO, and NO densities which are respectively lower
(Fig5) and higher (Fig6) than the "T=300K" case.

As a conclusion, the gas temperature rise (due to gas
dynamics) can modify up to 100% the evolution of
certain chemical species (radical or oxides). Such
results show that a more rigorous modeling of the non
thermal plasma devices for flue gas pollution control
must absolutely includes the gas dynamics.
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An apparatus for on-line monitoring of metal traces in atmospheric air :

The influence of some pertinent parameters on detection.
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1. Introduction

"Most metals and their compounds in the form of
airborne particles are toxic for public heaith and the
environment. Metals aerosols are becoming
increasingly abundant more and more important in
particular with the greater use of waste incinerators
Before being implemented, these thermal processes for
waste treatment have to comply with norms concerning
environmental pollution. From this point of view, the
control of gaseous effluents is an important task.
Furthermore, new regulations concerning the
environment have recently been issued In the case of
heavy metals in gaseous efftuents, they call for regular
monitoring. For these reasons an apparatus for on-line
and in situ measurements of metals aerosol
concentrations directly in ambient air was developed.
This apparatus for continuous emission monitoring
(CEM) is based on atomic emission spectrometry
(AES) in an inductively coupled plasma (ICP). '

The electron temperature T, is a pertinent parameter to
improve the sensitivity of the method.

The results presented in this work show the radial
evolution of T, with some characteristic parameters of
the discharge such as input power P, air flow rate Dy
and the amount of water in the ambient air.
Determination of the optimum conditions lowers the
detection of the apparatus limit (DL).

2. Experimental set up and diagnostic

The air plasma was produced by a tuned-line oscillator
with a frequency of 64 Mhz (ROC. DURR Model
8600); the electrical power dissipated by the generator
" are varied from 1.0 to 1.5 kW. The discharge was not
only an inductive plasma; a capacitive effect, involving
an axial component of the electric field, was also clear.
The characteristics of the torch are rather different
from the analytical processes using argon as
plasmagenic gas. The ambient air to be analyzed was
sucked directly by a high throughput pamp placed
downstream, through a 20 mm id quartz tube
surrounded by the seventurn water cooled coil
inductor. The air fow rate D, was adjustable between
10 and 20 NV/mn. Introduction of gas into this torch
occurred tangentially above the coil to produce a
vortex. The vortex both protects the walls of the tube
and stabilized the discharge. The discharge was

amoroed directly in ambient air by heating a movable
graphite rod through a 12 mm i.d central quartz tube.
Spectroscopic measurements were performed using a
640 mm focal length monochromator (Jobin-Yvon HR
640) with a 3600 groove mm™ grating. The detector
was a photodiode array (Hamamatsa $2304-512Q). The
geometric exploration of the discharge was performed
using a fixed mirror on two axes (horizontal and
vertical) and a stepping motor-driven rotator. The
motions of the motor-driven mirrors and the grating of
the monochromator were controlled by a computerized
laboratory system, which also allows data acquisition
and treatment Calibration is achieved by nebulizing
known quantities of standard acquecus solutions
containing known concentrations of salts of the
relevant metals. The experimental set-up is shown
schematically in Fig 1. .

. ' Grapbite rod

L

ng_nq)mg system

000 0000

Secondary air for cooling and
dilution of exhaust gases.

E

Fig 1: Schematic diagram of the experimental set-up

The air ICP spectra was essentially composed of
molecular bands. The strongest emissions of the
ambient air ICP between 200 and 350 nm that were
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identified correspond to the y system of NO [AZ-X*I1
transition] and a band emitted by the OH radical [*Z-*T1
transition).

A method was developed [1] to determine the local
electron temperatures. It is based on the comparison of
the local emissivities of the (0-1) vibrational transition
of the NO y system and the (0-0) band of the A%S-X*IT
transition in OH

3. Results and discussion

Measurements were carried out in the central zone of
the inductor coil, between the fourth and the fifth turns
of the inductor coil. This area has been shown to be the
most suitable for analytical purposes.

3.1 Electron temperature measurements

The variation of T, across a radius is shown in fig 2 for
an input power P of 1.5 KW and for different values of

. the flow rate D,,. A monatomic decrease was obtained
in all the cases, due to the axial component of the
electric field in this particular discharge.

In the central area (r < lmm) T, increased with Dy,
simultanecusly, the radius of the discharge decreased.
The intermediate value D,,=15 NL/mn was found to be
the best suitable analyte detection.

The effect of increasing P is shown in fig 3. Larger
valwes of P produce both higher T, values and a
broadening of the discharge. In this case improvement
of the sensitivity and lower DL can be obtained by
increasing P.

Another problem encountered in this sort of discharge
is the matrix effect caused by variable amounts of
atmospheric water. This water produces the large OH
spectral band mentioned above. We have shown that
the incidence of water is a decrease of T, of about 80 K
in the plasma center. As a consequence, the analyte line
intensities are lowered by between 20-30%, depending
on the value of the excitation energy of the emitting
level.
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3.2 Detection limits DL

The DL obtained in this work were, in all cases lower
than the recommended threshold limit values (TLV).
Except in the case of metals whose apalytic lines
exhibit high excitation energies like Zn and Cd, DL
lower than 1 pg.m™ were obtained (table 1).

Table 1: Comparison of the best detection limits
obtained in this work with the other CEM methods in

air-argon mixtures.
Element LD (ugm™) LD (ugm”) LD (ugm)
This work  Meyer[3] Trassy{2]

Zn 39.4 - 1

Cd 10.8 . 0.1 0.5

Mg 0.48 - 3
" Cu 0.09 1 0.3

Co 0.24 - 0.5

Ni 0.14 5 3

Cr 0.19 1 0.2

Pb 8.16 10 6

Fe 0.33 - 0.3

4, Conclusions

This apparatus avoids any manipulation susceptible to
produce modifications of the degree of air pollution. It
enables representative sampling of the atmosphere to be
analyzed and was relatively low running costs. The DL
obtained are in good agreement with the results of
alternative CEM methods in air or in air-argon
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1. Introduction

There is a rather limited number of the investiga-
tions of chemical reactions in liquid solutions under
the discharge plasma applications [1-3]. In these pa-
pers the chemical changes after application of low
pressure plasma excited between metallic electrode
and water solution surfaces were investigated. The
connection of the kinetics of these processes with the
parameters of the discharge plasma used was found.
The usual engineering processes of textile bleaching
are carried out in the solutions and based on the
experimental selection of the solution composition.
Therefore the use of selective processes accelerated
or stimulated by the discharge plasma is possible [4-
6]. Besides that the interaction of the plasma with
the solution may be used for water cleaning and for
the modification of material surface without using
the complicated vacuum equipment.

2. Experiment
The gliding arc was sustained between ti'le plasma

treated solution surface and the stainless steel cooled
tube (horn shape) electrode - Fig.1.

o OSTﬁT TOPOWER

SOURCE

Figure 1: A schematic drawing of the experimen-
tal arrangement

The alternating voltage source (50 Hz) produced the
voltage 10 kV and the discharge current up to 100
mA. The dc source with similar parameters was also
used. The experimental device allows experiments
with air, nitrogen and argon as working gases. The
reactor has the form of a rectangular vessel made
of polymethylmetacrylate; the solution volume was
about 1500 cem. The investigation of the liquid solu-
tion reactions during and after the plasma treatment

was carried out by means of its continuous transmit-
tance measurement. The absorption spectra of so-
lutions before and after the plasma treatment were
recorded by means of the UV-VIS spectrophotome-
ter.

3. Results

Our experiments show the increase in water conduc-
tivity during the plasma treatment of the solution
surface. The effect is very great, stable and depends
on the the employed working gas. At the same time,
pH of the water decreases from 6.5 to approx. 3-4.
The formation of nitrogen oxides in the plasma vol-
ume is possible [6].- Their dissociation in the water
leads to the acid origin and partially explains the in-
crease in conductivity. The gliding discharge plasma
application on the water leads to the generation of
hydrogen peroxide which dissociates in water under
formation of hydroxonium ions H3O%. The hydrox-
onium ion mobility is ten times higher than that of
other positive tons. The increase in water acidity
mean first of all the change of the hydroxonium and
hydroxy! ions balance. Therefore some other nega-
tive ions except OH™ have to be produced under the
plasma treatment.

The application of the gliding arc on the neutral
water solution KI causes a rather intensive genera-
tion of molecular iodine which is accompanied by a
remarkable change in the absorption spectra and in
the transmittance - Fig.2.

00 A . . e :
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Figure 2: Transmittance of the water solution of

KI as a function of plasma treatment time

The plasma treatment of the transparent colourless
N3S solution leads to the appearance of its green
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colour. The transmittance of the solution in the
visible and in the UV-regions decreases during the
plasma treatment. The treatment of organic sub-
strates as some water soluble dyes and sodium humi-
nate have also been examined. The gliding arc
plasma treatment of the dye water solution leads to
its gradual discolouration. If the dye molecule has
two independent optically absorbing components, in
the initiai period only the absorption in the interme-
diate VIS region increases but in the near UV-region
the absorption increases in any case - Fig. 3.
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Figure 3: Absorbance as a function of wavelength
of oxazine blue colour (concentration 0,025 g/1)
before and after 2 hour plasma treatment

So the time dependent gradual displacement of the
absorption maximum indicates multi-step processes
of the oxidation destruction of organic substances.
The estimation of the destruction rate may be done

on the basis of the measured transmittance change

at the wave length corresponding to the maximum
absorption of the initial molecule. Assuming that
the absorption coefficient does not change during
the plasma treatment we have estimated the dye
molecule destruction rate. The maximum destruc-
“tion rate is reached in 15-20 min of the gliding arc
action and it is about 10'® molecules/s. Taking into
consideration the mean value of the energy dissi-
pated in the gliding arc (100 W) we can get the mean
energy consumption on one molecule destruction 102
eV. In the case of nitrogen and argon the destruc-
tion rates are approximately the same, in the case of
air as working gas it is somewhat higher. However,
many of the destruction processes occur simultane-
ously and the kinetics of the destruction of initial
dye molecules is accompanied by the reactions of all
the intermediate species.
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4. Conclusion

The use of the ac and dc gliding arc shows that the
process evolution in all these cases is in general iden-
tical. However the destruction rate and the destruc-
tion degree depends on the arc type rather strongly.
It confirms the comparison of the absorption spectra
of the blue dye treated by the different arc types at
the fixed discharge power and treatment time. The
positive gliding arc (solution surface is negative) has
the maximum efficiency similarly to the case of the
iodine oxidation. It is necessary to emphasize that
the long plasma treatment of different organic sub-
stances leads to the accumulation of the products
which have similar absorption spectra in the UV-
region. Probably they are aromatic substances con-
taining the phenol groups. The oxidation effect of
the gliding arc may be connected with the generation
of hydrogen peroxide in the water solutions. The wa-
ter solution of HoO, has the absorption maximum
near 260 nm. The measurements show that plasma
treatment by the gliding arc leads to the increase in
the absorption in this region.
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Production of chemically active species by positive
streamer 1in air

A.A Kulikovsky
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Moscow 119899, Russia
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During a past decade streamer corona discharge is
considered as a promising tool for cleaning of pol-
luted gas flows. A small region — streamer head
plays central role in technological applications of
streamer corona. The electrons in the head gain en-
ergy which is sufficient to ionize, dissociate and excite
molecules. These products of electron—molecules col-
lisions, which will be referred to as chemically active
species (CAS) initiate then multiple chemical reac-
tions in the ambient gas which lead to removal of
harmful components. '

The efficiency of streamer corona strongly depends
on various factors; probably the most important are
voltage rise time [1] and geometry of the electrode
system [2]. To investigate tlie role of different fac-
tors on streamer corona purification efficiency a re-
alistic model of single positive streamer in nonuni-
form field is required. Here we present the results of
two—dimensional simulation of generation of chemi-
cally active species by cylindrically-symmetric pos-
itive streamer between a point anode and a plate
cathode. '

Consider a point anode placed over the plate cath-
ode at the distance d = 1 em. To initiate streamer
a small spot of quasineutral plasma is placed at the
tip of the anode. A voltage Vp = 11 kV is applied to
the anode at the moment ¢ = 0 and kept fixed.

The dynamics of streamer is described within the
scope of diffusion—drift approximation for the three
charged fluids: elecrons, positive and negative ions.
Ions were treated as immobile. We took into ac-
count electrons drift and diffusion, collisional ioniza-
tion and photoionization in a gas volume, two-body
and three-body attachment of electrons to oxygen
molecules and electron—ion and ion—ion recombina-
tion. The full description of the model and the de-
tails of numerical procedure are given in [3,4].

Knowing the 2D distributions of electron density
and electric field in the course of streamer propaga-
tion one may calculate the number densities X (r, z,t)
of chemically active species produced by the streamer
using the rate equations: 0X/dt = sKn.Px where
K being reaction rate constant, Px number density

of parent molecules and s stoichiometric coefficient. .

A following electron—molecule reactions were taken

into account [5]:

e+02 — e+ 02(a'A) (1)
e+0; — e+0+0 (2)
e+0; — e4+0(D)+0 (3)
e+Ny — e+ Nz(Asz) 4)
e+N; — e+ N+N (5)
e+ H;O — e+ OH+H (6)

The results presented below were obtained for the
following conditions: pressure p = 760 Torr, gas tem-
perature T' = 300 K. The gas is air with 1% of water
content: Ng : Og : HoO =79.2: 19.8 : 1.

Under these conditions after short period of forma-
tion (= 5 ns) streamer propagates with the constant
velocity (~ 2.7 x 107 cm/s), constant field at the tip
(=~ 140 kV/cm) and produces constant current in the
external curcuit (= 0.025 A).

Fig:1 shows streamer at the moment 25 ns. The
distribution of space charge (a) and absolute value
of electric field (b) gives a qualitative picture of
streamer structure. Fig.lc,d illustrates the ability of
streamer to produce chemically active species. Con-
tour lines of rate of dissociation of (¢) oxygen ( in
reactions (2) and (3) ) and (d) nitrogen molecules
(in reaction (5) ) are shown. As it seen, the disso-
ciation of nitrogen molecules occurs mainly around
the head of the streamer. The dissociation of oxygen
molecules requires less energy and it occurs also at
the lower E//N values around plasma channel.

Integrating X over the space one obtain total num-
ber of a given species Nx:

oo d
Nx(t)=27r/0 rdr/o X(r,z,t)dz

Fig.2 shows dependencies of a total number of gener-
ated in the gap species on time. We note that after
~ 5 ns all values increase linearly with time, (except
O2(a'A)). This result correlates with the constant
velocity of propagation and constant field at the tip
of the streamer. The deviation of Oy(a’A) growth
from linear one is attributed to the fact that excita-
tion of oxygen occurs also around streamer channel,
where radial field is about 40 — 50 kV/cm (Fig.1b).

As mentioned above, the current in the external
curcuit produced by the streamer is almost constant
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in time. Under constant applied voltage this means
that energy delivered by power supply varies almost
linearly with time. The most part of the species
produced by the streamer are O atoms and excit-
ed nitrogen molecules and their amount also varies
linearly with time (Fig.2). Therefore, for streamer
of the length < 1 cm it is reasonable to introduce
time—independent mean energy cost of one chemical-
ly active specie. The calculation gives the value 35
eV per specie.

[1) E.M. van Veldhuizen, M.A Tas and W.R.Rutgers
Proc. of Int. Workshop on Plasma Techn. for Pol-
lution Control and Waste Treatment, China, Beijing,
May 1996.

{2] A.Jaworek, J.Mizeraczyk, A.Krupa, T.Czech,
L.Karpinski, J.Jakubowski Czech.J.Phys. 1995
45(12) 1049-61

(3] A.A.Kulikovsky J.Phys.D 1995 28 2483

{4] A.A.Kulikovsky J.Comp.Phys. 1995 119 149

[6] 1.A.Kossyi, A.Yu.Kostinskii, A.A.Matveev and
V.P.Silakov Proceedings of Institute of General
Physics 1994 47 37 (in Russian).

o
e8]
T
1

o
[e))
T
!

Axial position (cm) |

0.4} U -

@) ]

| I S 0 0 X W B | | S T N B I A |

g T T T T
o onmcen ey .-
wooeen .-
L 1

(¢ [ (d) ]

S NS B A S| | IS S T B I S S

0.
-0.1 00 01 -01 0.0 041
Radial pos.(cm)

Figure 1: Contour plots for time 25 ns. (a) space charge density in 103 cm™

-0.1 0.0 01 -01 00 01

3 units. contours 0.1, 0.9, 1.7

and 2.5 are shown. (b) absolute value of electric field (30 to 140 kV/cm, step 10 kV/em), (c) rate of oxygen
dissociation (cm3/s, logarithmic scale, contours 103, 101°, 10%°, 102! and 10?2 are shown), (d) rate of nitrogen
dissociation (cm3/s, also contours from 10'® to 1022 are shown).

2. 5E+ 11—
2.0E+11

1.5E+11

T

1.0E+11

5.0E+10

Number of species

0.0E+0
0O 5 10 :15 20 25

Time (ns)

73 . LA S o | T T T T
(]
L 6.0E+9}
() |
aa
G%J_ 02( )
&P 4.0E+9} i
(@]
@
o 2.0E+9} .
= » OH
< 0.0E+0L:
0 5 10 15 20 25
Time (ns)

Figure 2: The dependence of total number of chemically active species produced by the streamer on time (ns).

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




1-260

On-line Monitoring of Volatile Organic Compounds by Proton Transfer Reaction Mass
Spectrometry (PTR-MS)
W. Lindinger, R. Holzinger, P. Prazeller, A. Jordan, and A. Hansel
Institut fiir Ionenphysik, Technikerstraie 25, 6020 Il;nsbruck, Austria

1. Introduction

We have shown the applicability of proton transfer
reaction mass spectrometry PTR-MS for on line
trace gas analysis in the ppb regime in extensive
investigations of human breath[1],[2],[3]. In the
present paper we report an extension of the PTR-
MS technique for analysis of volatile organic
compounds (VOCs) in urban air sampled near a
road traffic intersection. Air samples were taken
by filling a preevacuated glass bulb (ca. 6 1) Which
was directly connected to the PTR-MS system,
and the air was then analyzed without further
handling. )

The PTR-MS technique most simply
involves the protonation of sample species by
proton transfer from H;O" in a weak drift field,
followed by mass analysis of the resulting positive
ions. The proton affinity [4] of H,O is 7.2 eV, a
value which is greater than the proton affinities of
the dominant atmospheric components of clean air
but less than those of many likely pollutants. Thus
proton transfer from H;O" to many atmospheric
pollutant species is exothermic and occurs rapidly,
while proton transfer to the principal components
of clean air is endothermic and does not occur.

2. Experimental and Results

When attempting to measure trace
components at the ppb level, we observed as
expected that the ion count rates were frequently
too low to allow use of isotopic abundance to
distinguish isomeric components of the samples.
We have therefore developed a collision induced
dissociation (CID) technique for identification of
species of the same mass. This technique involves
imposing an electric field at the downstream end
of the drift tube. The field is generated by applying

a variable potential between the last drift ring and
the entrance orifice of the quadrupole mass
spectrometer. In this electric field the ions are
strongly accelerated and may suffer energetic
collisions with the air buffer gas, causing
dissociation of the protonated species and
generation of characteristic daughter ions. An
example of the results of this CID technique is
shown for protonated ethylbenzene (107 amu) in
fig. I
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Fig. 1: Breakup pattern of protonated
ethylbenzene 107 amu

In contrast a similar plot for protonated xylene

(107 amu) shows that the intensity does not begin

“to diminish significantly until a breakup voltage of

30 Volts or greater is applied. Thus we determined
that no significant amount of ethylbenzene was
present in the air at this particular traffic
intersection, and the signal observed at mass 107

amu had to be attributed to protonated xylene.
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Fig. 2 shows the typical daily variation of
concentrations of various aromatic compounds in
the air at a traffic crossing situated at the west
entrance of Innsbruck. Assuming that these
compounds are emitted directly from the exhausts
of cars and lorries, i.e., that none of them is
created by photochémical reactions, the densities
of these compounds are proportional to the density
of the traffic. Fig. 2 shows a broad maximum in

the morning from 7:30 to 9:00, a sharp maximum
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3. Conclusions

The wide applicability of PTR-MS for fast on-line
measurements of trace constituents especially
VOCs has been demonstrated by examples in the
field of medicine and also environmental research.
Potential for further exploitation of this method
could be in on-line monitoring of plasma-based
environmental technologies e.g.  parameter
optimization for plasma processing of VOCs or

efficiency control of plasma assisted waste

at lunch time and a pronounced peak at about cleaning.
17:30. Additional compounds have also been
investigated but are not shown in the figure.
120
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REMOVAL OF ETHYLACETATE USING CORONA DISCHARGE
Z. MACHALA', M. MORVOVA
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ABSTRACT:

The effect of ,,anomal“ dc corona discharge on
removal of ethyl acetate was investigated The
originated products and removal efficiency were
estimated by IR absorption spectrometry. The influence
of ultrasonic acrosolation of water on process efficiency
was tested The main product was solid polymer
mixture in powder form and as by products methanol,
ethano! and CO, esspecially in negative polarity.

Introduction:

Ethyl acetate is a volatile organic compound
with ester-type odour present in paintings (esspecially
on the basis of cellulose nitrates, ethylcellulose,
acrylonitril, rubber chlorid, polyvinyl chlorid and many
resins) and solution for paintings and rust removers. So
sources of ethyl acetate are production, treatment and
usc of painting, celluloid industry, artificial leather
industry, shoe industry, pharmaceutical industry. The
boiling point is 77 °C, vapour pressure at 20 °C is 73
mm Hg i.e. 9,7 kPa. Maximum allowable concentration
is 150 p.p.m. Ethyl acetate causes skin irritation, is
narcotic from concentration 400-600 p.p.m after 2-3
hour of exposure, it was reported also fatal case after
inhalation with high cancentrations. But is less toxic
than propyl, butyl and amyl acetate [1].

Experimental: . :

For measurements - we  have  used
spontaneously pulsing d.c. powered ,,anomal“ type of
corona discharge stabilised by resistance. This form of
corona discharge arises at higher currents after regular
dc corona pre-discharge. The process is connected with
the fall of voltage from about 10 kV to several
hundreds of volts and current rise up to ~ 2 mA. The
freuency of ,,brush-like” streamer type of curtent pulses
with frequency about 1 kHz is accompanied by an
intensive sound.

The stressed electrode was in form of internal
thread from copper, non stressed plate clectrode also
from copper. The both electrode surfaces were
modified due to action of corona pre-discharge.
Measurements were made in static regime in gas cell
discharge tube described on Fig.1

" Necessary mixture of air with ethylacetate was
realised by bubbling of air from pressure tank through

flowmeter with needle valve and temperable bubbler
with studied solution. The necessary water for process
was introduced via ultrasonic aerosolator.” After 10
minutes of flowing the mixture was closed in gas cell.

Vacuum chamber Pump
KBr window
Stressed electrode
SO\ o f] o
Discharge current
KBr window
Plate non stre:sed Rewodl

Fig. 1 Gas cell discharge tube

The composition of gas mixture before/after
the discharge and the surface of used planc non
stressed electrode was analysed using IR absorption
spectrometry for gas and reflection IR spectrometry for
surface. The water from process was accumulated and
liquid or solid products soluted or suspended in water
were analysed by ATR reflection spectrometry on
KRS5 crystals with 45° reflecting angle. The solid
product was separated from water, dried and treated by
the KBr peliet making technology for scanning of IR
absorption spectra. To see the_structure and size of
solid products the microscopic photography of solid
product was made.

Results and discussion:

We present the influence of d.c.corona
discharge in anomal regime and both polarities on the
removal efficiency of air-ethyl acetate mixture. As
diagnostic method we have used IR absorption
spectrometry. The ultrasonic aerosolidation of water
into discharge tube lead to the increase of removal
efficiency for both positive and negative polarity of the
discharge for about 15-20% comparing to dry process
and also change the type of product, esspecially gas by
products and solid products.
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Fig.2 IR absorption spectra of gas before and
after negative corona discharge in the mixture of air
plus ethyl acetate and reflection IR absorption
spectrum of the surface of low voltage electrode

From IR absorption spectra on Fig2 for
mixture of air-ethyl acetate after action of negative
corona discharge the sharp decrease of hydrocarbon
groups -CH; and CH, is seen. In the same time the
decrease of carbonyl group -C=0 seen from 1742 cm’
and -C-O- seen from 1182 cm™ occured.

Due fragmentation process intiated by water
aerosolidation in air-ethylacetate mixture ethanol was
produced as the by product. In IR absorption spectrum
of gas products rise the band group at 1300-1450 cm™.
Activated nitrogen created in the discharge broke the
hydrocarbone string and past into carbonyl group to
produce -C=N=0 group, or oxim group -C=N-O-. Due
to dimerization bright group of compounds with IR
bands in the described region of IR spectrum are
produced. These group of gas and liquid compound
after reaction with water and its dissociation products
(-OH radical and H) are responsible for origin of
copolymers on the surface of non stressed electrode
" containing polyimid, polyaminoacid, polyurethan and
polyamid groups.

In positive polarity the removal efficiency is about
85%, CO, methanol and ethanol byproduct are not
produced and more solid product is originated and
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content of poly amino acids oxamidato complexes in
solid product are greater.
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Fig. 3 IR absorption spectra of gas before and after
positive corona discharge in the mixture of air plus
ethyl acetate and reflection IR absorption spectrum of
the surface of low voltage electrode _

* The MiCroscopic
photography of the
solid dark  white
product created in
: _anomal® corona
i discharge.

Conclusions:

The investigated form of discharge is suitable
especially for ethyl acetate removal. Energy content of
anonal corona is lower comparing to glidarc and
consequently only a particular destruction of organic
compound occurs. The process is followed by further
polymerisation, which has a great importance from the
point of view of CO, minimisation in atmosphere.
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The Influence of Hydrocarbons on the Removal of NO, from Exhaust Gas
by Dielectric Barrier Discharges
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LTI (Lighting Technology Institute), University of Karlsruhe, PO Box 6920, D-76128 Karlsruhe, Germany

1. Introduction

The introduction of economic car engines with direct
injection will help reducing the CO,-emission into our
atmosphere and therefore combat the greenhouse effect.
The problem of cleaning the exhaust of such engines is,
however, an unsolved one as yet, because due to the
high air-to-fuel ratio conventional catalytic converters
cannot remove the NO, in the exhaust gas. New meth-
ods for the remediation of toxic compounds in car ex-
hausts have to be developed. Apart from techniques like
the so-called DeNOx-scheme, the major drawback of
which is the need of reducing additives, plasma assisted
conversion of NOjy in a dielectric barrier discharge is a
promising treatment whose applicability has been studied
for several years. Most of the theoretical and experi-
mental work was based on ,synthetic exhausts” — well
defined mixtures of nitrogen, oxygen, water and NO,
without hydrocarbons (HCs) [1], [2]. A systematic ex-
perimental investigation of the influence of a number of
HCs on the conversion of NO was carried out by Wolf et
al. [3]. A sound understanding of the plasma chemical
processes that come into play when HCs are present in
the exhaust is still lacking. The present work is a contri-
bution towards filling this gap by discussing the most
important chemical reactions that play a role in the con-
version of NO when unburned ethene (C2H4) is part of
the exhaust gas.

2. Model

The spatially homogeneous model used for this work

comprises three parts:

1. A coupled system of ordinary differential equatlons
represents the rate equations describing the changes
of the species concentrations due to chemical reac-
tion, ionisation, recombination and charge exchange.

2. The temporal change of the electric field strength due
to the accumulating charge on the surface of the di-
electrics is taken into account.

3. From the solution of the Boltzmann equation the
rates of electron collision reactions (ionisation, elec-

* tron impact dissociation) are derived.

A total of 367 reactions are implemented in the model,

including 148 chemical reactions involving HCs and 14

electron impact reactions.

3. Results

The model was used to calculate the conversion of NO
and NO, in an exhaust gas of following composition:
[N:2]1/[0;]/[H,O] =77/ 13/ 10 with an initial concen-
trations of NQ, of 500 vppm. C,H, as HC was used at
an initial concentration of 2000 vppm. Temperature and

pressure were chosen 100°C and 1 bar. The time interval
between two consecutive discharge pulses was set to
870 ps, the gap distance to 1.65 mm, the thickness of the
dielectrics to 1.3 mm and the dielectric constant to 4.7.
A total of 100 to 200 pulses are needed to reach NO
conversion of over 90 %.

Figure 1 shows the concentration of NO as a
function of the input energy for two cases: exhaust gas
without HCs (dashed lines) and exhaust gas with C,H,
(solid lines). Along with the computed curves experi-
mental data are plotted as well in order to show the fair
agreement between both.

B01 N[0/ H,01=
\ [NOJ, = 430 vppm,

77/13/10
[NO,), = 70 vppm

Yoo d=185mm, X, =x,=13mm

%, p=1bar, T=2373 K, r=870yus

ALY

vppm

300+

/

150

NO concentration

o0 P S —

0 20 40 60 80 100
energy / volume [/ J/

Figure 1: Concentration of NO as function of input

energy. The dashed curves represent data for a gas mix-

ture with no C,H,, while the solid lines represent data

for a gas mixture that contains 2000 vppm C,H, at the -
beginning of the treatment. Curves with solid squares are

obtained from experimént [3].

Analysis of the turnovers of the different reac-
tions shows that without the presence of C,H, following
reactions are mainly responsible for the conversion of
NO

0 + NO — NO, (1)
03 + NO — NOZ + 02 (2)
N+NO >N, +0 3)
‘OH + NO — HNO, )
HO, + NO — NO, + OH )
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The ratio of there turnovers from (1) to (5) is
80/3.0/2.1/1.5/1. Apart from reaction (3) conver-
sion is achieved by oxidation turning NO into NO, or
HNO,. Latter product is volatile and decomposes partly
into NO, NO, and H,O.

When C,H, is added NO conversion is much
more efficient. This can be contributed mainly to the
increased turnover of reaction (5) and
HOCH,CH,00 + NO — HOCH,CH,O + NO, (6)
and
HO, + NO — HNO; Q)
The ratio of the turnovers (6)/(5)/(7) is 6.7/4.0/1.
The peroxyradical on the left hand side of reaction (6) is
formed by following chain

ol —28 5 HocH,CH, —22-» HOCH,CH,00

(®

The product HOCH,CH,O of reaction (6) in turn
quickly reacts with O,:
HOC,CH;0 + 0, » HOCH,CH,CHO + HO, (9)
The increased formation of HO, supports reaction.(5).

The concentration of NO; as a function of input
energy is displayed in Figure 2 — again, derived from
measured and calculated data. In order to obtain better
coherence between experiment and model in the case
when C,H, is added, [NO,] is replaced by the concen-
tration of all oxidation products of N minus the concen-
tration of [NOJ], ie the total concentration of NO,,
HNO,, HNO;. This bad to be done because the decom-
position of HNO, and HNO; into NO and NO, was not
properly described by the kinetic data from the literature.

Without the presence of C,H, much less NO, is
built up because it is oxidised by OH to HNO; after its
formation

OH + NO2 — HNO; - (10
or reacts with O atoms to form NO
O + NO;, -» NO + 0O, an

The much more desired reduction of NO, to N,
can only be achieved by sufficient concentrations of the
radicals N, CN, C [4] and NH,. Although N is produced
during the discharge phase its concentration of about
1 vppm is to low in order to compensate for the oxida-
tion of NO.

4. Conclusions

The presence of ethene (C,H,) has a large effect on the
plasma assisted removal of NO. Due to the presence of
the peroxy radical HOCH,CH,OO it is much more effi-
ciently oxidised than without C,H,, where oxidation is
mainly achieved by O atoms. End products are mostly
HNO; (no C;Hy added) and NO, (with C,Hy). In both
cases the net reduction of NO, to N; is low.

600 —————————1—1— T e —r—
\
|
2000 ppm C,H, added
g_ 450 s
o} I
S XNYOZ.L[NOJ
—
c [N;1/[0,}/H,0]=77 /13710
© 300+ [NOJ, = 430 vppm, [NO,], = 70 vppm -
'§ . d=1.65mm, x;=x,=1.3mm
€ p=1bar, T=373K ¢=870us
§ B fedri ot bl
8 .--_'—‘—_":—_" o
(5‘ 150 :::______3:’—-" 4
zZ ] e
r
0 +———————r
0 20 40 60 80 100

energy /volume / Ji

Figure 2: Concentration of NO, as function of input
energy. The dashed curves represent data for a gas mix-
ture with no C,H,, while the solid lines represent data
for a gas mixture that contains 2000 vppm C,H, at the
beginning of the treatment. Curves with solid squares are
obtained from experiment {3].
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ATMOSPHERIC PRESSURE ELECTRIC DISCHARGE IN
FAST FLOWING AIR

S. Pekarek, J. Rosenkranz, F. Hanitz, V. Kiiha
Czech Technical University in Prague, FEE, Technicka 2, 166 27 Prague 6, Czech Republic

For a wide range of modern ecological applications of
electric discharges, like cleaning of flue gases,
destruction of pollutants or toxic molecules, etc., it is
necessary to produce in the volume of a gas sufficient
number of free electrons having energies in the range

5-20 eV. These electrons generate free radicals, which -

diffuse through the gas and preferentially oxidise
nitrogen and sulphur oxides to form acids that can be
neutralised to form non-toxic, easily collectible
compounds. Electrons might be produced in different
types of electric discharges: corona discharge [1,2],
diclectric  barrier  discharge, surface  discharge,
discharge in a ferroelectric material or an electric
discharge at atmospheric pressure in a fast flowing
medium [3,4]. .

Electric discharge at atmospheric pressure in a fast
flowing ‘medium is studied at our laboratory. First
electrode system used consisted from a thin plane
which was perpendicular to a massive plane electrode.
The system was placed in a rectangular channel
through which there was a flow of air. Volt-ampere
characteristics of the discharge together with the
generation of ozone and nitrogen oxides were measured

[4].

DC 0-50kV

© ®

-
v [ |
— d

Fig.1 Experimental set-up.

For the purposes of practical applications the
important role is played by the efficiency of the

discharge in producing atoms and free radicals. This
efficiency certainly depends on the ratio of the power
dissipated in the ballast resistors to that deposited into
the bulk of plasma. As far as this ratio was in our
experiments very high the electrode system was
changed. Following the results presented in [3] this
ratio never exceeds 10% for an electrode system
consisting from the anode plate and a multi-pin
cathode. '

The electrode system, see Fig. 1, consists from a set of
7 pins arranged linearly against a plane anode. As far
as the discharge with positive pins is difficult to control
with sparking occurring frequently, the experiments
were carried out with negative polarity of pins. To
stabilise the discharge each pin is individually ballasted
by a resistor R=1MQ). Pins, which are separated one
from the other at equal distances z are made from iron.
The distance z was either 7 or 10 mm. Pins protrude
9,5 mm from the holder. The discharge gap d between
the tips of pins and a plane anode can be varied up to
1,5 cm. The electrodes in the discharge chamber were
cooled by flow of air. DC power supply provides
voltage up to 50 kV.

The experiments were devoted to the study of the
influence of the distance d between the tips of the pins
and the plane anode and the interpins distance z on the
volt-ampere characteristics of the discharge together
with the study of the current distribution among
separate pins. Experiments were carried out with two
velocities of the flowing air v;=30m/s and v,=70 m/s.
The typical experimental results are shown in Figures
2-5. The curves were drawn by the least squares
method.

Ulkv)
10

8

d=6:m//’/"/
+
6 dﬂy/
d
d
Y .

4=3.2mm z=10mm
v=30m/s

5 10 15 20 25 30 I(mA)

Fig.2. V-A characteristics

Discharge voltage U as a function of the total discharge
current / for different distances d between the tips of
pins and the plane anode is shown in Fig. 2.
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It is seen that for a given current / discharge voltage
increases with the increasing d. This dependence is
obtained for both values of air velocity and both
interpins distances z.

V-A characteristics of the discharge as a function of air
flow velocity are shown in Fig.3. It is seen that for a
smaller interpins distance z =7 mm discharge voltage
for a given current slightly increases when velocity
increases. This dependence is more significant for
greater d. Full lines correspond to the air flow velocity
70 m/s and dashed lines correspond to the air flow
velocity 30 m/s. For the interpins distance z=10 mm
distance voltage does not change, within the
experimental error, with velocity.

ulkv]
10

*d=3.2mm z=7mm
2 ) ’ — v=70m/s
v=30nvs
0
5 10 15 20 25 30 I(ma)

F ig.3 V-A characteristics

The results of experiments concerning the dependence
of the V-A characteristics on the interpins distance z
are shown in Fig. 4. As it is seen for the air flow
velocity 70 m/s the discharge voltage for z=7mm
increases with respect to interpins distance z=10mm for
all values of distances d. For velocity 30 m/s V-A
characteristics do not depend esséntially on z.

Ulkv]

10

v=70rm/'s
—  z=7mm
2 —  2=10mm

5 10 15 20 25 30 I(mA)

Fig.4 V-A characteristics

Finally in Fig.5 are shown partial currents flowing
through pins No. 1, 4 and 7 as a function of the total
discharge current. It is seen that the distribution of
currents among separate pins is, within a range of
experimental error, uniform. ;

1-267

Ip ar[PAl
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Fig.5. Current distribution

From the presented results it its obvious that V-A
characteristics of the discharge are influenced not only
by the distance d between the tips of pins and the plane
anode but also by the distance z between the pins so
that it could be possible to find a certain optimum ratio
d/z for which the ratio of the power dissipated in the
ballast resistors to that deposited into the bulk of
plasma has an optimum value. When distance d is
small with respect to z obviously discharge from the
first pin does not influence significantly (for the range
of velocities used) discharge from the second pin etc.
This will be case of moreover separate discharges.

On the other side when d is comparable or greater than
z there will be a strong influence among separate
discharges. Obviously the ratio d/z also influences the
volume of the channel occupied by plasma and thus the
efficiency of the future possible plasmachemical
reactor as a source of electrons and free radicals.

The complex nature of the studied phenomena requires
further comprehensive experimental and theoretical
work which may bring better insight into the physics of
this type of discharge and consequently into its
successful application.
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Development of a new reactor for the removing of the gaseous pollutants by cold
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1 Introduction

The evolution and the important progresscs achicved
these last years induced many unbalances in the
physical and biologic mediums. In order to face serious
problems of environment, new technologies of
depollution (clean technologies, recycling,
biotechnology, thermal and non thermal plasmas) are
on the way of development especially as the
environmental rules become stricter.

A new reactor using the technology of the high pressure
cold plasmas and devoted to the destruction of the
gascous pollutants (H,S, CH;SH, NOx, hydrocarbons,
...) is presently studied.

We tried in a first time to surround and understand the
type of created discharges in this reactor, even if their
quasiperiodic and non-stationary nature make the
survey difficult. A theoretical description of such a
discharge has been published quite recently [1] but the
physical mechanism is not well understood.

2 Experimental setup

The reactor, the electric feeding and the gas system is
represented in the figure 1.

Gas flow

reactor
Electric
Blowers supply
melting
ik N NS

bend

Fig.1: Experimental setup

The reactor consists in a cylindrical surrounding wall
in Pyrex of 35 cm high, 8 cm of inner diameter and 0.5
cm thick. It resists to strong temperatures and, being
transparent, allows the observation of the electric
discharges which take place all along the electrodes.

Inside the reactor, we have a wire-to-rods system with
an axial symmetry made with a wire central electrode,
constituted by one thread of Chromel 0.1 cm in
diameter, and several stainless steel rods cylindricaly

positioned around the axis of the cylinder on angles
multiple of 30°. The ambient air, which constitutes our
vector gas, is set in motion by two blowers placed in
seric. A melting tank allows to inject the pollutants in
the air and to homogenize the mixture passing through
several grids each having numerous holes of different
diameters.

The electric supply provides an AC high voltage (about
6 kV) which generates an initial discharge at the basis
of the clectrodes. Three power transformers permit the
maintenance and devclopment of the discharges all
along the electrodes.

3 Achieved diagnosis

In order to characterize our discharge, several means of
analysis were used.

A first survey of the fluidic (injection of fine threads of
smoke) and visualisation of some profiles of speed
informed us on the typc of flow obtained inside the
reactor.

Then we were interested in the electrical aspect by
visualising the wave forms corresponding to the voltage
and current. For it, we used resistive dividers,
capacitive and current probes linked with a digital
oscilloscope LeCroy MODEL 9400. A recording of the
characteristic audible noise of the discharge was also
performed. So as to obtain more indications on the type
of discharge regime we also made some temperature
measurements. A study of electric parameters has
already been realized by SIMEK [2}].

In order to determine the present gaseous species in the
reactor before the injection of the pollutants, some
measurements by emission spectroscopy were made.
The obtained results will allow us to make some
hypothesis on the reactions occurring during the
discharge.

4 Results and discussion

4.1 Hydrodynamic aspect :

The gas speed profiles, obtained for the various gas
system configurations (one or two blowers running)
have the same general shape. According to the entrance
diameter used, the curve presents a more or less convex
zone and another smooth one. We notice that the gas
flowing is less turbulent for the smallest gas flows.
Then, the most favourable gas flowing allowing a good
treatment is obtained for a relatively small entrance
diameter and a gas flow lower than 17 I/ s.
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4.2 Electric aspect
The figure 2 shows voltage and current signals obtained
on one electrode.

e Tt T o

Fig. 2 : Voltage (above) and current ( below) of an
electrode arrows indicating the same time.

Generally, we can observe that the current is modulated
by a frequency of about 5 Hz. If we compare the signal
recording voltage and current, we can notice that i)
when we have modulated current, the voltage signal is
rather simple ii) when we have a zcro current, the
signal is more complex with various impulses. The
figure 3 shows the correlation between the recording of
audible noise, modulated in the same way than the
current, in relation with the gas flow increase. The end
of the current modulation corresponds to the rupture of
the arc. All the results, as temperature measurements,
indicate that we are closer to the arc regime than to the
corona discharge.

:'__,_.T.___..,,’__ ey

SOV ST R S I
o i i % OO NS SO B

Fig. 3 . Current (above) and audible noisé ( below)
signals.

4.3 Spectroscopic aspect
The spectroscopic measurements show the presence of
numerous excited and ionized species of nitrogen and
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oxygen, that demonstrates the high energy developed
by the discharge. These species are essentially located
at the level of the central electrode, starting point of the
discharge taking place in-the gas flow direction. It will
be necessary to let the gaseous pollutant sufficiently in
contact with the discharge in order to obtain a good
treatment. During a cycle of spectral acquisition, we
can obtain some spectra without signal, certainly in
relation with the local extinction of the discharge.

5 Conclusion

From these first studies, some of them reported in [3],
we could conclude that, in the hydrodynamic point of
view, we must work with a reduced gas flow passing
through a small entrance diameter.

Among the clectric parameters, we are more specially
interested in the current and it will be necessary to limit
it in order to avoid the transition to arc. Furthermore,
assuming that the more energetic electrons are
responsible of the pollutants removing, it will be
necessary to avoid the lacks of current that we can
observe at times.

As soon as the fluidic and electric parameters and their
evolution are well defined, the optimization in the
pollutants removing yield will start.
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NO removal in a photo-triggered discharge reactor
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1- Introduction

In recent years, the removal of atmospheric pollutants
by non thermal plasmas has been heavily investigated
and the efficiency of pulsed discharges is now well
established. Up to now, two kinds of discharges have
been investigated: the pulsed corona discharges and
the dielectric barrier discharges. These discharges are
filamentary ones, and the resulting plasma is very
inhomogeneous, such as only a small part of the gas in
actually treated by the discharge. .

On the other hand, in laser technology, different

techniques have recently been developed to produce

flarge volume of homogeneously excited plasmas in
different gases at atmospheric pressures, even in
presence of large amount of -electro-negative
components. Among these techniques, the so-called
photo-triggered discharges [1-3] have been shown very
efficient to dissociate many molecules and to produce
the initial steps of a complex set of chemical reactions
resulting in the production of new molecules and
radicals. Thus, the physics of flue gas treatment
appears somewhat similar to the physics involved in
excimer or chemical lasers.

As a result, the goal of the present work is to assess
the potentialities of these photo-triggered discharges
for depollution applications. .

2- Experimental set-up

As the basic operating mode of the photo-triggered
discharges has been previously described in detail [1-
3], only a brief description will be given here. The
photo-triggered discharge reactor, figure 1, consists
mainly of three sections: the energy storage unit, the
discharge chamber and the preionisation circuit. The
electrodes, 50 cm long, have a gap of 1 cm and a flat
profile over 1 cm. As a result, a volume of 50 cm® can
be homogeneously excited at each shot. The storage
unit is pulsed charged up to 20 kV either directly from
a power supply (rise time 15ps) or through a C-L-C
circuit (rise time 200 ns). When this voltage is
reached, the preionisation is fired and initial electrons
are produced in the discharge gap by photo-ionization
from the U.V. light produced by an auxiliary surface
discharge located under one of the discharge
electrodes. Several optical windows allow a
spectroscopic investigation of the medium both in the
longitudinal and transverse directions. N, O, and NO
are mixed at various concentrations i an auxiliary

Université Paris-Sud, 91405 Orsay Cedex, France

tank of 1500 cm’. A gas compressor is used to
produce, in a closed loop, a gas flow through the
discharge gap.

energy
storage unit

C=22nF

discharge .

50x1x1 cm3 Spectroscopic
diagnostics

corona

préionisation

Figure 1: cross sectional view of the photo-triggered

-discharge reactor for gas treatment.

The evolution of the NO concentration has been
monitored, mainly through spectroscopic techniques.
Emission from the NO y-bands is recorded to follow
the NO(A) excited state concentration, while
longitudinal absorption spectroscopy over the 50 cm
discharge long, is used to study the evolution of the
NO ground state concentration. Absorption
spectroscopy has also been used to measure the ozone
production in the discharge. These spectroscopic
diagnostics allow a real time monitoring of the actual
discharge volume (50 cm’®) but with a limited
sensitivity. Thus, we have also wused a
chemiluminescent detector giving a sensitivity of a
about 1 ppm. However, this detector can only be used
in a post-treatment mode: the NO concentration has to
be checked in the total volume (1500 cm®) after a
given number of shots.

3- Discharge modeling

A model has been developed to calculate the temporal
evolution of the concentration of the different species
produced by the discharge. The model self consistently
couples the circuit equations, giving the input energy
in the reactor, the solution of the Boltzmann equation
for the electron distribution function, and the kinetic
equations governing the evolution of the various heavy
particles. The Boltzmann equation is solved using
algorithms developed by Ségur and Bordage [4]. The
collisions between electrons and nitrogen, oxygen and
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NO molecules are described by detailed sets of
collision cross-sections, whereas the physico-chemistry
governing the temporal evolution of the various states
of heavy particles is described by a set of 180 reactions
compiled from the literature. The vibration-vibration
and vibration-translation processes which are known
to play an important role in non-equilibrium plasmas
are included in the model.

4- Results and discussion
Figure 2 shows emission spectra of a mixture of
N,/NO at 500 ppm of NO. The full line curve is the
spectrum recorded on the first shot, while the dotted
line curve is recorded after 185 shots. This figure
clearly shown that the NO emission (A<290 nm)
completely disappears, while the intensity of the N,
lines (A>290 nm) remains unchanged.
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Figure 2: Emission spectra of a N2/NO mixture at 500
ppm of NO. Full line: initial spectrum dotted line:
spectrum after 185 shots.

Absorption spectroscopy as well as chemiluminescent
measurements confirm this result: NO molecules are
completely removed from the photo-triggered
discharge reactor after a given number of shots
depending on the initial NO concentration. For each
NO concentration, the NO removal efficiency is
determined from the knowledge of the total input
energy in the reactor. These efficiencies are shown in
Figure 3, and the experimental results compared to the
values predicted by the model. Except at very high NO
concentration, the agreement between the model and
the experiments is satisfactory.

In mixtures comprising more than 10% of O,, the NO
y-bands can not be observed in emission, in such a way
that only absorption spectroscopy can be used to follow
in a real time the NO removal. Unfortunately the NO
absorption bands are superposed to the large
absorption continuum of ozone which is produced by
the discharge. Thus, the determination of the NO
removal in N,/O,/NO mixtures requires differential
measurements which are currently perfogmed.
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Figure 3: Comparison between experimental data and
model predictions for the efficiency of NO removal.

For a 80/20 % N,/O, mixture, the predicted temporal
evolution of various heavy particles are shown in
figure 4, and the evolution of the predicted ozone
population is compared to the experimental one. The
agreement between model and experiment is within a
factor of 2.

1024 T T T
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107 10 108 104 103
Time (s)
Figure 4: Temporal evolutionr of some species
produced in No/O,. Lines are the model predictions,
and symbols the ozone concentration measurements.

S- Conclusion

These preliminary results point out that the photo-
triggered discharge reactors are very effective to
homogeneously remove atmospheric pollutants from
large volumes. Studies are in progress to optimize
these new reactors. Moreover, as large amounts of
ozone are produced in N,/O, mixtures, these reactors
should also be investigated as ionizers.
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The main channels of freon destruction
in nanosecond corona discharge
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A main reason for destructionof the ozone layer
is high contents of freons (CFCs) in the Earth atmo-
sphere. The characteristic lifetime of freons in the
stratosphere is tens of years; therefore, destruction
of the ozone layer will go on for a long time even
after utilization of CFCs has stopped. At these con-
ditions special importance is acquired by the search
for efficient methods [1-2] of purification of gaseous
wastes of the indusrties using CFC components (e.g.
microelectronics), as well as the atmosphere proper.

This paper gives results of experimental studies
of freon destruction in a pulse-periodic nanosecond
corona discharge. The discharge chamber was a sec-
tion of metal cylinder, 5 cm in diameters and 40 cm
long, which was used as an external electrode. The
chamber contained a quartz tube with optical win-
dows at the ends. The second electrode, 0.7 mm in
diameter, which was placed along the tube axis, was
fed with pulses of negative polarization produced by
a pulse generator. Pulse amplitude was 30-40 kV,
duration 7= 50 ns, and repetition rate, F = 1-100
Hz. The experiment was performed under pressures
p = 50-760 Torr in air for various percent content of
CoCl3F3 (freon-113) with no gas pumping.
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Freon concentration in the course of experiment
was measured with a spectrograph basing on the da-
ta about absorption of IR radiation in the range of
A =T7.5—20um. Dependence of energy cost for de-
struction of one CFC-113 molecule on its percent
content at the 80 % level of purification is shown
in Fig.1 for the pulse repetition rate F = 25 Hz un-

der the mixture pressure p = 100 Torr. From these
experements it follows that the energy cost is higher
when the share of freon content is lower.

Let us consider possible channels for CFC de-
struction in a discharge. There are a few such
channels: CFC dissociation by an electron impact,
CFC dissociation during collisions with molecules
and atoms excited in a discharge, thermal dissoci-
ation, dissociative attachment of electrons and dis-
sociative re-charging of negative ions. Gas heating
in a nanosecond discharge is insignificant, hence one
can neglect the thermal destruction of CFC. The pro-
cess of dissociative attachment is characterized by its
high selectivity. Efficiency of this channel is limited
by the processes of death of electrons, which are not
associated with attachment to CFC (in air it is at-
tachment to O, and recombination). However if CFC
content in air is sufficiently high, such that

Nt > va/kq ~7-10%p° (1)
where v, = 140p?s is frequency of three-body at-
tachment of electrons to Oz, and k, &~ 2-10"7cm?/s
is constant of dissociative attachment to CFC), then
at the stage of plasma decay the main part of ”cold”
electrons will attach to freon molecules, and the num-
ber of destroyed molecules will be N,.

The number of CFC molecules dissociated by an
electron impact or by dissociative attachment during
a pulse is determined by the following expression:

(2)

where kg o is constant of CFC dissociation by an elec-
tron impact or constant of dissociative attachment of
electrons in a discharge. From Eq.(1) and (2) one can
determine the range of freon concentration, at which
the prossses of dissociative attachment in the decaing
plasma play the main part in freon destruction:

ANf:kd,a'Ne'Nf-T

Valka < Np < 1/(r-kag) (3)

For p= 100 Torr and 7 = 5-10~3s it corresponds
to the condition of 1033em=3 < N; < 3. 10"%cm=3.
At Ny > 1/(7 - ka,o) the main part of CFC will be
destroyed during the pulse. Let us consider now the
role of excited particle in the process of CFC de-
struction. Freons may be destroyed with sufficient
efficiency by interaction with meta-stable atoms and
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molecules of oxygen, nitrogen or inert gases in the
processes of the following tipe:

FC+ O(*D), Ar(3P,)... — product,
(4)

kr ~ 10710 — 10~12cm3/s

The number of excited particles N*, formed in
the discharge during a pulse may be estimated basing
on the following correlation:

N*=k*-N,-No-1 (5)

where k* is consnant of excitation of active parti-
cles, and N, is gas density. Efficiency of reactions
(4) is limited by the processes of damping of excit-
ed particles by molecules of neutral gas. Having as-
sumed that the characterstic lifetime of active parti-
cles equals 7* = 1/(ky, - N,) where k, is constant of
quenching N* with neutral molecules, let us estimate
the number of CFC molecules destoyed in time 7* in
process (4):

Ny=k, -N* Nj.7* =
ky-k*[kn N, -Nj-1= (6)

kogg - Ne - Ny -1

From comparing Eqgs.(3) and (6) it is seen that
the processses of CFC destruction with participa-
tion of excited particles are predominant over the
processes of freon dissciation by electrons at kogg =
kr - k*/kn > kaq. In the experiment under air pres-
sure p = 100 Torr and Ny = 3.5 10%em=3, over
80% of freon were destroyed after the mixture had
been treated with a series of 3000 pulses. Estima-
tions show that in this case about 1% of CFC may
be destroyed in the process of dissociative attach-
ment at the stage of plasma decay, and about 3%,
in the process described by Eq. (2). From here one
can conclude that an important channel for CFC de-
scruction at its high content is reaction (4). Let us
consider, for the sake of certainty, reactions with par-
ticipation of an excited oxygen atom, O(* D). Having
used the constants of the processes, k* = 10~ %cm3/s,
k, = 107 Ycem3/s, k., = 1.5 -107%m3/s, we ob-
" tain kogp = 1.5- 10"Scm3/s. Then, in accord with
(6), the number of freon molecules destroyed by one
pulse will be AN; = 15N,. The experiments showed
that a considerable part in freon destruction may
be also played by O(3P) atoms. By that, as freon
concentration grows, efficiency of CFC destruction
with participation of O(3P) atoms also grows, and
at Nj > ko3 -[O2] - [N,]/kyr ~ 2101 - p? (where k, is
constant of reaction (4) for O(®*P), kos is constant of
ozone formation), all the atoms of oxygen take part
in process (5), and no ozone is produced.

Thus, the performed estimations ‘show that un-
der the experimental conditions at N; > 2-101%¢m=3

an important item among the channels of freon de-
struction are collisions with excited particles and
oxygen atoms. Energy cost of destroying one CFC
molecule at these conditions decreases as freon con-
tent in the mixture grows (Fig. 1). At a lower level
of CFC content, it is mainly destroyed in the process
of dissociation attachment at the stage of plasma de-
generation, and the energy cost does not depend on
Ny and is determined by electron density achieved
by the end of the pulse. At even lower concentra-
tions one has to take into account the processes of
N, decay that are not associated with attachment to
CFC.
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Energy cost of ozone production in
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Recently the search for methods for ozone re-
generation in the region of ozone "holes” by actively
affecting the earth’s atmosphere has become espe-
cially extensive. The proposed projects deal main-
ly with two different approaches: atmosphere purifi-
cation from chlorofluorocarbons [1,2] and regenera-
tion of ozone to the initial natural level [3,4]. Such
projects are planned to be accomplished by means
of an artificially ionized layer (AIL) produced in the
atmosphere at different heights by nanosecond mi-
crowave pulses injected from ground-based antennas.
This paper contains a discussion of the second re-
search line. Here we report the results of labora-
tory experiments modeling production of the AIL
In the atmosphere with a pulse-periodical nanosec-
ond microwave discharge. An important parameter
that makes the microwave discharge rather advanta-
geous for generation of ozone in the atmosphere is
amount of energy going into production of one ozone
molecule. L

In the first experiment the microwave genera-
tor (relativistic carsinotron) operating within the 8-
mm wavelength band was used with power P = 20
MW, pulse duration 7 = 5 ns and pulse repetition
frequency F = 1 — 10 Hz. The second experiment
was performed using a 3-cm wavelength-band mag-
netron with power P = 50 kW at pulse duration
7 = 500 ns. The magnetron could operate at a high
pulse repetition rate, up to F = 10% Hz. In the sec-
ond case a cavity-based microwave pulse compressor
was also used. This device transformed pulses of the
magnetron into pulses with duration 7 = 6 ns and
P = 800 kW. Figure 1 represents schemes of the
experiments. The discharge was ignited in two ba-
sically different electrodynamic systems. In the first
case microwave radiation was focused with a parabol-
ic cylinder, so that the electromagnetic field in the
breakdown region was close to a standing cylindrical
TE-mode. The vector of electric field was parallel to
the axis of the mirror. The discharge was shaped as
a cylinder several millimeters in diameter and about
30 cm long. In the second case a quasi-planar stand-
ing electromagnetic wave was formed by means of a
spherical mirror. Then the discharge was a set of
plasmoids about 3 cm in diameter localized at the
antinodes of the standing wave. The experiments
were performed at the room temperature of the air
in the pressure range p = 10 — 250 Torr. The densi-

ties of ozone and nitrogen dioxide were measured by
observing the absorption of the radiation of a hydro-
gen lamp at wavelengths A =~ 260 nm and A = 360
nm, respectively. ]

The following regularities of ozone production in
the air were observed. In the nanosecond microwave
discharge effective dissociation of molecules of O,
and N, ( effective production of O and N atoms)
takes place. As the result, concentration of Oz in-
creased linearly during the first pulses. The energy
cost was determined basing on the total energy of the
microwave pulse, W = P - 7, and using the following
formula:

§=P-1-n,/[03] Vx (1)

where n, is number of microwave pulses, [O3) is ozone
density after n, pulses and Vi is the volume of the
vacuum chamber. The results of measuring the en-
ergy cost of ozone production for two different types
of the microwave discharge is shown in Fig.2. The
energy cost was 2 -3 times lower in a discharge creat-
ed by standing waves than in a discharge formed by
a converging cylindrical TE-mode. This shows that
efficiency of ozone formation depends essentially on
the electrodynamic system producing the discharge.
For systems operating with standing waves or cross-
ing wave beams efficiency turns out to be higher.
These experiments showed that the energy cost
of production of one ozone molecule is lower in that
type of the microwave discharge, in which the max-
imum of its energy goes into dissociation of oxygen
molecules. Oxygen atoms are produced and then
converted into ozone mainly in dissociation of O,
molecules by an electron impact (direct channel) and
in collisions of O, with metastable N3 molecules (in-
direct channel). The velocity constants for these pro-
cesses are determined by the function of electron dis-
tribution over energies and depend on intensity of the
electric field in plasma. The value of rate of O, dis-
sociation by an electron impact, kg, is rather well
known for a constant electric field. Using it we can
evaluate the energy cost of production of one ozone
molecule in the microwave discharge. We assume
that all oxygen atoms are formed in the process of
direct dissociation of oxvgen, and then they enter
the reaction of ozone synthesis. The ozone density
produced in one microwave pulse is given by

[03] = [0] = 2 ka(E./N)-[02] -N. - 7. (2)
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The energy cost of one ozone molecule is found from
the ratio of the microwave energy absorbed in plasma
to ozone density:

5 cE%r 5 ve2' (_1/_)-1. (E./N)? 3)

T 2kg[04JN.r 2 m \N ka
where o = e2N,v/m(v? +w?) is specific plasma con-
ductivity, E, = E -v/(w? + v?)1/? is efficient electric
field, v is rate of electron-molecule collisions, and w
is the wave frequency. Using equation (3) it is easy
to determine optimal conditions, when at the preset
energy of the microwave pulse the number of oxygen
atoms produced in the ionized region is maximal.
The value of (E./N)?/k4 is minimal when the value
of reduced efficient electric field E./N is determined
by 2-k |
- kd
] d(E.TN) (4)

Figure 3 shows the dependence of § on the re-
duced electric field E,/N determined by calculation
(curve 1) using equation (3) and by experiment. The
experimental value of efficient field E. was deter-
mined from intensity of the electric field in the dis-
charge region before the breakdown starts, and the
rate of electron collisions in air was assumed equal
tov=>5,3-10° p(c7h).

As seen from Fig.3, experimental values of § are
lower than the calculated ones. It witnesses that the
channel of O, dissociation associated with excitation
of electronic levels of Ny molecules plays a signifi-
cant part in the plasma of a nanosecond microwave
discharge in air. We added curve 2 to Fig.3 to rep-
resent the results of calculating the energy cost of
ozone formation with account for indirect channel of
O dissociation. :

Thus, there are optimal conditions for oxygen
dissociation in 'air. The results of the performed
modeling experiments make it possible to conclude
that an efficient way to produce ozone in the atmo-
sphere has been found. A nanosecond microwave
discharge can efficiently generate ozone. The labora-
tory experiments demonstrated sufficiently low en-
ergy costs of producing one ozone molecule: ¢ =
15 — 20eV /molecule, which corresponds to produc-
tion of 100g of ozone per 1kW-h of consumed energy.

E./N =
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Fig.1. Different schemes for creation of microwave
discharges: 1 — microwave radiation, 2 — quartz re-
tort, 3 — discharge plasma, 4 — parabolic cylinder, 5
— spherical mirror.

3, eV/nioleculé

10 °3
10 2'5
10 Ollllillllélllllé]lllili
N, 10%cm™®

Fig.2. Dependence of energy cost of ozone produc-
tion on air density for discharges created by a con-
verging cylindrical TE-mode (1) and by standing
wave (2). i
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Fig.3. Dependence of energy cost of ozone produc-
tion on the reduced electric field: 1, 2 - calculation,
o, O — experiment.
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