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Abstract—The ion distribution function over transverse velocities and the ion heating efficiency (which is
defined as the fraction n of ions heated above a certain energy W. ) are calculated in the context of a plasma
method for i sotope separation on the basis of ion cyclotron resonance heating. Theion distribution function over
longitudinal velocitiesis assumed to be linear in the range of low velocities. It is shown that, when the ions are
heated to high energies, the averaged ion distribution function over transverse velocities becomes highly non-
equilibrium and has two peaks. Results are presented from calculations of the ion heating efficiency n for
W.;, =40 eV and for different values of the parameter p that characterizes the ratio of the wavelength A of the
antenna electric field to the length L of the heating region. The relative roles of the time-of-flight and the Dop-
pler broadening are analyzed, and the separation parameters of a collector of heated ions are estimated. © 2004

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The ion cyclotron resonance (ICR) method for iso-
tope separation is based on the selective cyclotron res-
onance heating of the ions of a target isotope in mutu-
aly perpendicular alternating electric and constant
magnetic fields [1-7]. Stable isotopes are now sepa-
rated in two ways: by the electromagnetic method [8] or
with the help of cascade gas centrifuges[9]. The centri-
fuges, however, are capable of separating isotopes of
only those elements that form gaseous compounds with
sufficiently high vapor pressures at room temperature.
The electromagnetic method is well developed but is
used to separate out only relatively small amounts of
the target isotope. The plasma method is based on
selective cyclotron resonance heating of the ions of the
target isotope. In the separation of isotopes of metal
elements in medium-scale industry, the plasma method
seems to have some advantages over the electromag-
netic method becauseit isessentially free of restrictions
on the intensities of the ion fluxes. At present, the tech-
nological aspects of the ICR method are being devel-
oped.

2. CALCULATION OF THE ION DISTRIBUTION
FUNCTION OVER TRANSVERSE VELOCITIES

Important elements of an | CR separator are aplasma
source that produces ion fluxes with a certain spread
over transverse and longitudinal velocities and an RF
antenna that generates electromagnetic fields in the
ICR heating region. When the plasma passes through

T Deceased.

the ICR heating region, the ion distribution over trans-
verse velocities changes appreciably. In some ICR
devices (see, e.g., [4]), use is made of inductive anten-
nas in the form of multiphase cylindrical helices—the
so-called helical (or spiral) antennas. For a four-phase
antenna in which the ac current in each subsequent
phase is shifted by 172, the aternating electric field
withinthe cylindrical heating region can be represented
as acircularly polarized wave that runs in the positive
direction along the z axis and whose pol arization vector
rotates with an angular velocity w,

E, = Ecos(wt-Kz—-9¢), (1)

E, = —Esn(wt-Kz-¢), 2)

whereK = 27" isthe wavenumber, E isthe dectric field

amplitude, and ¢ istheinitial phase. In this approxima-
tion (which can be regarded as linear), the alternating
components of the wave magnetic field are ignored.
Nonlinear effects were taken into account by Laz'ko
[10] by deriving the integrals of motion and by Panov
and Timofeev [11] by applying the theory of adiabatic
invariants. Note that, if the inverse effect of the motion
of plasma particles on the vacuum antenna field is
ignored (which corresponds to the case of relatively
low plasma densities), then Egs. (1) and (2) satisfacto-
rily describe the heating electric field in the plasma at
radii of r < R/2, where Risthe antennaradius[12].

In Cartesian coordinates, the equations of motion of
singly charged ions of mass m and charge e in a wave
electric field that is described by Egs. (1) and (2) and
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rotates in the direction of ion gyration in alongitudinal
magnetic field B, can be written as

G- = eEcos(wt—KV,1) +eV,B,, €)
dv, .
m-— = —eEsin(wt —KV,t) —eV,B,, “4)

where V, and V, are the transverse components of the
velocity of theionsand V, istheir longitudinal velocity.
We introduce the absolute value of the transverse ion

velocity V= A/Vf + Vf. Our objective hereis to con-
sider the ICR heating of an ion flux with certain initial
distributions over longitudinal and transverse velocities
and to determine the ion distribution function over
transverse velocities at the exit from the heating region
of finitelength L. We assumethat, at the entrance to the
ICR heating region, the ion distribution function over
transverse velocities is Maxwellian,

m m 2 2
TP i (Ve Vol

where T, istheinitial transverse ion temperature.

As a first step, we use the expression that was
obtained by Ustinov [12] for the transverseion distribu-
tion function at the exit from the heating region for the
case of a beam of ions with the same longitudinal
velocity V;:

fo(Vn) = D

fo(Vo)

_m m VoV (6)
BT 0P T (Vi Voo 1

wherekisBoltzmann's constant and |, isthe zero-order
modified Bessel function. For a heating regime in
which the transverse energy of the ionsis much higher
than their initial thermal energy, the quantity V, isgiven
by the formula

2Ew,
B,(w—KV,—w,)

V, O

sm%oo KV,—wy) == VD’
where w, is the ion gyrofrequency. Distribution func-
tion (6) is normalized to unity and depends on both the
longitudinal velocity V, of theion beam and the heating
field frequency w. At the entrance to the heating region,
an actual beam is a superposition of individual beams,
each having itsown longitudinal velocity V,. We denote
the distribution function over longitudinal velocities by
f,(V,) in order to represent the total ion distribution
function as a product of two functions,

f(Va Vo) = fo(Vo) £(V,). (M

Let usinvestigate the heating of the ions described by a
model non-Maxwellian longitudinal distribution func-
tionf,(V,). We assume that thismodel distribution func-
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tion depends linearly on the ion velocity in the low-
velocity range and decreases exponentialy at high ion
velocities,

V 0 mVZD
O 2kT >

where T, is the effective longitudinal ion temperature.
We al so assume that this function does not change over
the entire length of the heating region. Weintroducethe

f(V,) = V,>0,

®)

parameter p = % which is equal to the ratio of the

wavelength A to the length L of the heating region. For
afixed length L of the heating region, the variation of
the parameter p corresponds to the variation of the
wavelength A and, accordingly, of the wavenumber K,
whereas, for a fixed wavelength A, the variation of the
parameter p corresponds to the variation of the length
of the heating region. We define the distribution func-
tion averaged over longitudinal velocitiesto be

]J2

F(y) = )BT

w (©)]
= 4 Iexp(_(yz + Yo + X7) [o(2yYo) xydx,
0

where we have introduced the notation

— VD _ Vz
(2KT o/ m)*> (2kT /m)**

_ kT2 o 2E
" Om0 Lw, ¢ [?kTDq]

ZD m

nEsin%Q —Tin X/ p— 1)51)—5
L W

Yo = (Q—min x/p-1) Q= Wy’

All the simulations were carried out for amodel binary
mixture of isotopes with mass numbers of 6 and 7. We
introduce the dimensionless parameter n, which char-
acterizes the detuning of the antenna field frequency

from the ion gyrofrequency: n = é?/oo where dw =
z0
KT
wW—-w,andV, = %Fz—m% isthe mean longitudinal ion
velocity.

Thevaluen = 2 of the frequency detuning parameter
n so defined corresponds to the precise tuning of the
mean longitudinal ion velocity to a value at which the
heating efficiency is maximum. The condition under
which the tuning of the longitudinal velocity V, of an
ion to the resonant value is sufficiently precise can be
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Fig. 1. Distribution function of the heated ions over trans-
verse velocities for p = 0.5 and for different values of the
parameter n.

%]TT_\-/—Z , which, inthe notation
adopted here, reducesto the inequality [n— 2| < 2p. For
n=0and n = 4, thisinequality failsto hold, which cor-
responds to a substantial frequency detuning from res-
onance. For n = 2, thisinequality is satisfied with finite
values of the parameter p.

written as|w— wy,— KV, | <

The digtribution functions F(y) of theions of aniso-
tope with a mass number of 6 are shown in Figs. 1-3,
which illustrate the results of calculations carried out
for an aternating electric field with an amplitude of E =
50 V/m, alongitudinal ion temperature of T, = 10 eV,
and a heating region of length L = 0.8 m and for differ-
ent values of the parameters p and n. The valuesn = 0
and n = 4 correspond to a substantial frequency detun-
ing from resonance. In this case, an increase in the
parameter p indicates a decrease in the wavenumber K.
Figure 4 shows the ion distribution functions F(y) cal-
culated for different amplitudes E of the heating field in
the case of precise tuning of the mean longitudinal ion
velocity to resonance (W — wy = KV, N=2) a T, =
10eV, T, =5 eV, and p = 1 (which corresponds to a
one-wavelength antenna). Curve 1 was obtained for a
zero heating field (E = 0) and corresponds to a Max-
wellian distribution function. Curves 2, 3, and 4 were
computed for heating fields with the amplitudes E = 50,
100, and 200 V/m, respectively. We note that the spec-
trum of the transverse ion energies is fairly broad and
that the distribution of the ions heated to high energies
has two peaks. The results calculated for a strong heat-
ing electric field are somewhat incorrect because they
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Fig. 2. Distribution function of the heated ions over trans-
verse velocities for p = 1.0 and for different values of the
parameter n.

were obtained in the linear approximation. From for-
mulas (7), (8), and (9), we can derive the following
expression for the ion heating efficiency n, which is
defined as the relative fraction of ions heated above a
certain given energy W,,;..:

00 00

N = 4fdx[ xyexp(—(y” + ¥s + X)) 1o(2yYo)dy, (10)

0 v

W
where %/1 = kT:IE'

Figure 5 illustrates the results of calculating the ion
heating efficiency n for W_,, = 40 eV and for different
values of the parameter p, which characterizesthe ratio
of the wavelength A of the antenna electric field to the
length L of the heating region and, thereby, the relative
roles of the time-of-flight broadening and Doppler
broadening. Since the calculations were carried out for
a fixed length of the heating region, L = 0.8 m, varia-
tions in the parameter p corresponded to variations in
the wavenumber K.

For large values of the parameter p (i.e., for large A
values and small K values), the time-of-flight broaden-
ing predominates over the Doppler broadening and vice
versafor small p values. For p =5, thewidth of the heat-
ing efficiency profileisdetermined by the time-of-flight
broadening. The dashed curve in Fig. 5 was calculated
for p = 5 with allowance for the dependence of the el ec-
tric field amplitude on the wavenumber by means of the
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Fig. 3. Distribution function of the heated ions over trans-
verse velocities for p = 2.0 and for different values of the
parameter n.

Fig. 4. lon distribution function over transverse velocities
for different amplitudes of the heating electric field: E =
(1) 0, (2) 50, (3) 100, and (4) 200 V/m.
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Fig. 5. Dependence of the ion heating efficiency n on the
frequency detuning w/wy — 1 for E=50V/m, n =2, and dif-
ferent values of the parameter p.

Fig. 6. Dependence of the ion heating efficiency n on the
dimensionless detuning duyYKV,, for p=1, n= 2, and differ-
ent longitudina temperatures.

the ion gyrofrequency, dwKV,, for a one-wavelength
antenna (p=1), for E=50V/mand W, = 20 eV, and
for different longitudinal ion temperatures. The dashed

approximations used in [12]. Figure 6 illustrates the
dependence of the heating efficiency n on the dimen-
sionless detuning of the heating field frequency from

PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004



1010

Front Deposition region
SCI'een L ~ VZiT('i
vV, ——
2a
I d ~ ZRLi
4 U

Fig. 7. Element of the scheme of a collector of heated ions.
The optimum distance d between the plates is about two
gyroradii of the heated ions. The notation isasfollows: L is
the length of the deposition region, T is the period of ion
gyration, and V; is the longitudinal ion velocity.
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Fig. 8. Dependence of the concentration C of thelighter iso-
tope of mass number 6 on the longitudinal coordinate Z for
different half-heights a of the front screen. The dashed
curve illustrates the results of model calculations for dw =
KV,.

curve shows the relevant result obtained in [12] for an
electric field amplitude of E=50V/m and for alongitu-
dinal ion temperature of T, =10 eV.
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3. SEPARATION PARAMETERS
OF A COLLECTOR OF HEATED IONS

The heated ions of the target isotope are usually sep-
arated out by a collector in the form of equidistant ion-
collecting plates oriented parallel to the plasmaflow. As
aresult, the heated target ions, which gyrate over large
Larmor orbits, are primarily deposited on the collector
plates. The plates are protected from the plasmaflow by
the front screens. An element of a collector that
includes two neighboring plates is demonstrated in
Fig. 7 (the screen protecting the lower plate is not
shown).

In order to estimate the separation properties of the
collector, it is necessary to calculate the fluxes of ions
of different species on the collector plate. The density
of the transverseion flux onto an element of the collec-
tor plate surface is expressed in terms of distribution
function (7) asfollows:

dj = fv,dv,dv,dv,. (11)

In this case, the flux density can be defined as

j = If woVodVdV,dy,, (12)
wherey, isthetransverse coordinate of the guiding cen-
ter of anion Larmor orbit in a planein front of the col-
lecting plate. Integration in formula (12) is carried out
in accordance with the restrictions imposed on the
velocities and coordinates of the ion guiding centersin
front of the collector.

For a binary mixture of isotopes, the concentration
C of the first ion species can be determined from the
relationship

C _ _GCo jinyp m,
1_C l_Cojznlo ml’
where C, istheinitial concentration of thefirst ion spe-

ciesand n,, and n,, are, respectively, the number densi-
ties of the first and second ion species.

In our earlier papers [13, 14], formulas (11)—(13)
were used to obtain similar estimates on the basis of
model Maxwellian distribution functions over trans-
verse velocities with different effective transverse tem-
peratures. Inthe present study, the separation properties
of the collector are calculated with allowance for adis-
tribution function that is obtained based on solving the
Boltzmann equation and takes into account the time-of -
flight and Doppler broadening of the heating efficiency
profile [15]. The calculations were carried out for an
antenna field frequency detuned from the gyrofre-
guency of the ions of an isotope with a mass number
of 6 by an amount equal to the Doppler broadening,

[T[kTﬂllz

(13)

0W= Ww- wy = KV,, whereV,, = om0 isthemean
longitudinal ion velocity.
PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004
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Figure 8 illustratesthe results of calculating the pro-
file of the concentration C of the lighter isotope ions
over thelength of acollector platein an operating mode
with no applied repulsive potential. The calculations
were carried out for p = 1 and for different heights of
the front screen (a=0, 1, 2, and 3 mm). The remaining
parameter values were as follows: the initial transverse
ion temperature was T, = 5 €V, the longitudinal ion
temperaturewas T, = 15 eV, the heating field amplitude
was E = 50 V/m, and the magnetic induction was B =
0.25T. The dashed curve in the figure shows the profile
C(2) for amodel Maxwellian distribution function with
the effective temperature determined from the follow-
ing relationship for the mean transverse ion energy:

00 00

[(E{]= 4kTDoI 10(2yYo)
00

x exp(=(¢ + y? + y5))y’xdydx.

It can be seen that the concentration calculated from a
model Maxwellian distribution differs markedly from
those obtained using actual nonequilibrium ion distri-
butions over transverse velocities. The unrealistically
high separating ability of the separator in the first case
is associated with the fact that the fraction of strongly
heated ions implied by a model Maxwellian distribu-
tion function over transverse velocities considerably
exceeds that calculated for actual conditions.
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Abstract—Results are presented from experimental studies of the structure of an ac surface discharge excited
by a metal needle over a plane dielectric surface. A barrier corona discharge was ignited in atmospheric-pres-
sure argon at frequencies of the applied sinusoidal voltage from 50 Hz to 30 kHz. In experiments, the area of a
dielectric covered with the discharge plasmaincreased with applied voltage. The discharge structure in diffuse
and streamer modes was recorded using a digital camera and a high-speed image tube operating in a frame
mode. It is found that, in the positive and negative half-periods of the applied voltage, the structure of the sur-
face discharge is substantially different. The statistical characteristics of the branching surface streamersin the
positive and negative half-periods are determined as functions of the voltage frequency. The most intense lines
in the emission spectrum of the barrier corona are determined for both half-periods. The correlation between
the dynamics of the emission intensity and the dynamics of the discharge current and voltage is investigated.

© 2004 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

The so-called “dipping” discharge, i.e., a high-cur-
rent surface discharge propagating perpendicular to an
elongated electrode over a plane dielectric surface, has
long been known [1]. A schematic of adevicefor ignit-
ing dlipping discharges is shown in Fig. 1. In fact, this
is a plane variable capacitor in which the surface area
of the grounded plate is much larger than surface area
of the plate (strip) to which a high-voltage pulse is
applied. After the voltage is applied, gas breakdown
occurs near the metal strip; this givesriseto an ioniza-
tion wave propagating over the dielectric surface and
covering it with a thin layer of highly conducting
plasma (a plasma sheet). If the amplitude of the high-
voltage pulse is kept constant, the discharge current
through the dielectric is provided by the displacement
current caused by an increase in the capacitance of the
distributed capacitor, one of whose plates is the plasma
sheet. In such asituation, the slipping surface discharge
lasts until the plasma occupies the entire area of the
grounded plate. If the voltage increases over time, then
the discharge current can continue to flow after the
plasma has occupied this area.

Asarule, theenergy deposited at the plasma—diel ec-
tric interface in a pulsed high-current dlipping dis-
chargeisfairly high; thismakesit impossibleto usethis
type of surface discharge when operating with ther-
mally unstable dielectric materials. In this study, we are
dealing with alow-current ac surface discharge excited
by a point electrode (needl€) located above adielectric
surface. Such adischarge is characterized by alow cur-
rent density (lower than 10 mA/cm?) and low specific

power deposited
10 W/cm?).

Low-current atmospheric-pressure surface dis
charges, aswell aslow-current volume discharges (i.e.,
steady-state and pulsed corona discharges [2-5]), can
operate in a diffuse and/or streamer mode in different
gases at various electrode configurations over a wide
range of discharge currents and voltages. These are
classical barrier discharges [6]; short-time surface par-
tial discharges [7], which operate over a dielectric sur-
face after a unipolar voltage pulse of any polarity is
applied; and an ac barrier corona[8]. It is of great sci-
entific and practical interest to study the conditions
under which the low-current surface discharge operates
in adiffuse or astreamer mode, as well asto determine
the discharge structure in both of these modes.

It should be taken into account that conditions for
the propagation of the surface streamers depend sub-
stantialy on whether a unipolar voltage pulse or an ac

in the dielectric (lower than

3
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Fig. 1. Scheme illustrating the ignition of a high-current
pulsed dipping discharge: (I) high-voltage electrode,
(2) grounded electrode, and (3) high-voltage pulse.
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Fig. 2. (a) Electric circuit of the experimental device for studying a barrier corona in atmospheric-pressure argon: (1) needle,
(2) plane electrode, (3) dielectric barrier (polymer film), (4) low-inductance current shunt, (5) voltage divider, (6) ballast resistance,
(7) surface streamers, and (8) dielectric screen; (b) top view of the electrode system for igniting alimited surface discharge.

voltage is applied to the discharge gap and whether
high voltage is applied to a point or to an elongated
electrode. In the case of a unipolar voltage pulse, the
streamers propagate along an uncharged dielectric sur-
face, whereas in the case of ac voltage, the streamers
propagate along a dielectric surface charged during the
previous half-period of the applied voltage.

When operating with along rod (or strip) electrode,
alarge number of closely spaced streamers can propa-
gate from it in parallel to one another (see [9]). In this
case, streamer branching can be suppressed. When
using a needle (point) electrode placed above a dielec-
tric surface, the branching of the surface streamers can
be more pronounced (see, e.g., [8]).

In this study, which is a continuation of [7], we
investigate the emission dynamics and spatiotemporal
structure of an ac barrier corona in argon in a diffuse
and a streamer modes in the needle-to-plane geometry.
In contrast to conventional coronadischarges, the metal
plate in a barrier corona is covered with dielectric,
which is an obstacle for adc current.

2. EXPERIMENTAL SETUP

A schematic of the experimental setup is shown in
Fig. 2. The experiments were performed with a cylin-
drical organic-glass discharge cell with an inner diam-
eter of 200 mm and a height of 100 mm. A point-to-
plane electrode system mounted inside the cell con-
sisted of a 120-mm-diameter copper disc with rounded
edges and astainless-steel point el ectrode (needle) with
a parabolically shaped end and a tip radius of 50 pum.
The plane electrode was entirely covered with polyeth-
ylene, Teflon, or Mylar films or with dielectric plates.
The film thickness was varied from 15 to 80 um, the
thickness of the dielectric plates was up to 1 mm. Gen-
eraly, the distance between the point tip and the dielec-
tric film (plate) was 0.5—-1 mm.
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In some experiments, a thick dielectric disk from
which a60° sector was cut out was glued to the dielec-
tric film. The needle was shifted outward from the ver-
tex of the sector by 5 mm along its bisectrix. The disk
thickness dlightly exceeded the distance between the
needletip and thefilm; the areaavail able for the surface
discharge was therefore limited by this sector. Such a
reduction in the discharge area allowed us to improve
spatial resolution when recording surface streamers
with the help of an image tube. A 100-mm-diameter
viewing window was mounted in the upper flange of the
cell (above the discharge) to perform optical measure-
ments.

A sinusoidal voltage was supplied to the needle
trough the ballast resistance R = 300 kQ. The voltage
frequency was varied from 50 Hz to 30 kHz, and the
voltage amplitude was up to 4.5 kV. The waveform and
amplitude of the discharge voltage were recorded using
a balanced RC voltage divider and a Tektronics TDS-
520 and an S8-17 storage oscilloscopes. The signals
from alow-inductive current shunt with aresistance of

. = 50 Q were also supplied to these oscilloscopes.
When measuring the current averaged over a half-
period, the shunt was replaced with an arrow microam-
meter connected in series to the discharge gap through
adiode that passed the current in either positive or neg-
ative half-periods. To prevent the microammeter from
mechanical damages, it was set in parallel to acapacitor
that passed the high-frequency component of the cur-
rent.

In our experiments, we used high-purity argon (with
a certified purity of 99.99%). All of the experiments
were performed at a pressure dightly exceeding atmo-
spheric pressure (P = 770 torr). Before each experi-
ment, the discharge cell was pumped out to a pressure
of P =107 torr and then filled with aworking gas at a
required pressure. To maintain the certified purity of
argon, the experiments were carried out in a continuous
gas-flow regime at alow gas flow rate.
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Fig. 3. The average current of a sector-limited barrier
coronavs. voltage amplitudein (1) positive and (2) negative
half-periods of the applied voltage (f = 1 kHz).

The structure of the surface streamers of a barrier
corona was studied using an image tube operating in a
frame mode. The frame exposure time was varied from
1to 20 ps. The special electronic scheme enabled trig-
gering the image tube during any discharge phase of
interest. The image of the surface discharge was pro-
jected onto the image-tube photocathode witha 1l : 5
demagnification. The photographs of the discharge
with alarger exposure time were taken using an Olym-
pus E-100RS digital camera and a Zenit photographic
camera.

The emission spectra of the surface streamers in
argon were recorded using an MUM-2 monochromator
with a 1200 groove/mm diffraction grating and an
FEU-100 photomultiplier (with an operating wave-
length range of 170-830 nm and a maximum sensitivity
at A ~ 420 nm) installed at the output of the monochro-
mator. The surface discharge segments (20 x 0.5 mm?
in size) from the three different discharge regions—the
region around the needle, the middle part of the dis-
charge at the distance of 25 mm from the needle, and
the discharge periphery at the distance of 45 mm from
the needle—were projected onto the entrance slit of the
monochromator with a1 : 2 demagnification. The pho-
tomultiplier signal was recorded in paralel with the
discharge current.

3. EXPERIMENTAL RESULTS
3.1. Discharge Dynamics

The dependence of the discharge current | on the
applied voltage U is caled the current—voltage (I-V)
characteristic of adischarge. In an ac barrier discharge,
the current averaged over the oscillation period is close
to zero; therefore, it is reasonable to introduce an -V
characteristic that relates the current averaged over a

T/2

half-period 0= % [71(0dt to the amplitude of the
applied voltage U.
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In the case of an ac surface discharge excited by a
point electrode placed above a dielectric surface, the
average current is determined by the capacitance of a
distributed plasma capacitor formed by the discharge
during one half-period of the applied voltage. It was
shownin [7] that the area occupied by the plasmaon the
dielectric surface increases with the voltage amplitude.
Hence, the current averaged over a half-period should
be an increasing function of this amplitude. This is
illustrated in Fig. 3, which shows the time-averaged |-V
characteristics of abarrier coronain positive and nega-
tive half-periods of the applied voltage.

It isinteresting that the above defined |-V character-
istic of an ac barrier corona can be approximated by the
same algebraic expression asthe |-V characteristic of a
conventional dc corona discharge [9], namely, 100
kUU - U,), where 0is the corona current averaged
over a haf-period, U is the amplitude of the applied
voltage, and U, is the corona ignition (or extinction)
voltage. In our case, the dimensional coefficient k is
equal to k=0.11f (LA s)/kV?, wheref is the frequency
of the applied voltage. Discovering the physical reasons
for such asimilarity between the ac barrier corona and
the dc corona is beyond the scope of the present study.

In an ac barrier corona, the discharge structure on
the dielectric surface varies continuously over time.
Moreover, the details of this structure are functions of
the voltage frequency and amplitude, as well as of the
thickness and permittivity of the dielectric coating.
However, it has been shown experimentally that,
together with a chaotic behavior, the surface structure
also exhibits regular features that are retained as the
discharge parameters vary.

It was found that three ranges of the voltage ampli-
tude U (al other factors being the same) corresponding
to three characteristic discharge regimes can be distin-
guished. The first (low-voltage) range, U, < U < U,
corresponds to the formation of a diffuse round spot on
the dielectric surface. In the second range, U, < U < U,,
the discharge on the dielectric surface takes the shape
of arosette. In thethird range, U, < U < U,, dl thedis-
charge region is occupied by surface streamers. Here,
U, and U, are certain boundary values of the voltage
amplitude and U, is the voltage corresponding to the
transition of the barrier corona into a spark mode, i.e.,
to the appearance of bright sparks on the dielectric sur-
face. Within each of these ranges, the surface discharge
in argon has a pronounced characteristic structure that
correlates with the waveform of the discharge current.

Figure 4 shows a series of photographs and wave-
formsiillustrating the aforesaid using, as an example, a
surface discharge excited by a point electrode above a
1-mm-thick organic-glass plate. The figure demon-
strates how (a) the discharge structure averaged over
many discharge periods (i.e., the structure on the
dielectric surface that is seen with the naked eye),
(b) the current and voltage waveforms, and (c, d) the
instantaneous discharge structures taken by an image
PLASMA PHYSICS REPORTS  Vol. 30
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Fig. 4. Photographs (top view) and waveforms of the discharge current and voltage illustrating the evolution of a barrier corona
discharge with increasing voltage amplitude. The dielectric barrier is an organic-glass plate of thicknessd = 1 mm. The frequency
of the applied voltage is f = 3 kHz. The center of each photograph corresponds to the discharge axis (the position of the needle).
() The time-averaged structure of a surface barrier corona discharge recorded with a digital camera (positive images). The black
strip at the centers of the photographs is the shadow of the point electrode holder. (b) The current (curves 1) and voltage (curves 2)
waveforms corresponding to the three regimes of a barrier corona discharge. (c) Electron-optical photographs of a barrier corona
discharge in a positive half-period (negative images). The exposure times are t = 20 (I, I1) and 10 (111) ps. The white strip at the
centers of the photographsisthe shadow of the point el ectrode holder. (d) Electron-optical photographs of abarrier coronadischarge
in anegative half-period (negative images). Thearrow in Fig. 4d(111) indicates the plasma strip that has devel oped from the rosette’s
spoke. The exposuretimeist = 20 ps.
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tube with a short exposure time in the positive and neg-
ative half-periods of the applied voltage vary with
increasing U.

3.1.1. Rangel: Uy < U < U;. In this voltage range,
the surface discharge on the dielectric surface is seen
with the naked eye as a round diffuse spot with adiam-
eter of no morethat 1 cm (Fig. 4a(l)). However, photo-
graphs taken with the image tube show that the time
evolution of the discharge is more complicated. Infor-
mation about this evolution can be derived from com-
paring current waveforms with electron-optical images
of the discharge at different instants within the positive
and negative half-periods of the barrier corona.

It was found that, during a positive half-period, the
round diffuse plasma spot exists over a very short time
(no longer than 5 ps) after the appearance of a spike in
the current waveform in the stage when the voltage
increases (see Figs. 4b(l), 4c(l)). Neither before nor
after this short time interval was any emission of the
surface discharge observed. Thus, during the current
spike, the negative charge accumulated on the dielectric
surface in the preceding negative half-period is neutral -
ized and a positive charge of the same magnitude is
accumulated on the dielectric surface.

During the current spike, a generation zone arises
near the positively charged point electrode. This zone
persists throughout the entire current spike and allows
the electron current to flow through the entire discharge
surface.

Quite another behavior is observed in the negative
half-periods. The generation zone near the point elec-
trode (the cathode sheath of a negative corona) aso
arises during the current spike. However, during the
negative half-period, the generation zone persists
amost over the entire stage in which the voltage
increases (i.e., over about 150 ps). In such a situation,
the positive charge accumulated on the dielectric sur-
face in the preceding positive half-period is neutralized
and a negative charge of the same magnitude is accu-
mulated on the surface at a much slower rate. Accord-
ingly, the conduction current is much lower than in the
positive half-periods. In the negative half-periods, the
maximum value of the slowly varying conduction cur-
rent increases with the voltage amplitude and fre-
guency. Since the density of the current flowing
through the surface plasmais|ower than that in the pos-
itive half-periods, the emission intensity is also lower.
Indeed, electron-optical images taken in the negative
half-periods demonstrate the presence of a bright cath-
ode glow near the point electrode during the entire
stage in which the voltage increases (over =150 ps).
Simultaneoudly, afaint diffuse glowing spot appears on
the dielectric surface (Fig. 4d(1)]) and then expands up
to the size of the plasma spot observed in the positive
half-periods.

3.1.2. Rangell: U; < U < U,. As the amplitude of
the applied voltage reaches the first boundary value U,,
the discharge passes into the second regime. In this
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regime, the discharge area becomes much larger thanin
the first regime and the discharge structure that is seen
with the naked eye takes the shape of a stable and spa-
tially symmetric rosette with quite a sharp boundary
(Fig. 4a(l1)).

Both the diffuse (the rosette petals) and contracted
(spoke) forms of a discharge can be seen on the dielec-
tric surface. The spoke length increases with the ampli-
tude of the applied voltage, whereas the number of
spokes is a function of the voltage frequency and the
thickness and permittivity of the dielectric coating. The
lower the frequency, the narrower the [U,, U,] interval
(up to its complete disappearance). For example, at a
frequency of f = 400 Hz, regime |1 does not occur and
the discharge passes directly into regimell1l.

A comparison of the current waveforms with elec-
tron-optical images reveal a more complicated picture
of the discharge dynamics than is seen with the naked
eye. The number of current spikes in the positive half-
periods increases (up to two or three spikes). Each of
these spikes corresponds to coronaignition and the for-
mation of ashort-lived (with alifetime of no morethan
5 Ws) generation zone near the positively charged point
electrode. In this stage, many streamers begin to prop-
agate simultaneously from the point €electrode
(Fig. 4c(11)) not going beyond the rosette petals. After
reaching the periphery of the rosette, the streamers sud-
denly change their propagation direction and begin to
move aong the rosette’s boundary. This is why the
rosette’s boundary in time-integrated photographsis so
sharp. That streamers are not able to penetrate beyond
the rosette’s boundary is most likely related to the con-
servation (in both half-periods) of the discharge areaon
which the surface charge accumulated in the preceding
half-period is neutralized and a new charge of opposite
sign appears.

The number of primary streamers (i.e., those that
started from the point el ectrode and have not yet under-
gone branching) is seemingly no larger than the number
of the rosette’s petals. It can be seen in electron-optical
photographsthat the space between the positive stream-
ers is filled with a diffuse plasma. An analysis of the
current waveforms and electron-optical images show
that, during the positive half-period, the surface dis-
chargeisglowing for only about 5 s after each current
spike. Over the rest of the time, the conduction current
is very low and, accordingly, the discharge glow is
amost absent.

In the negative half-periods, there is only one cur-
rent spike corresponding to the origin of the cathode
sheath near the point electrode. In this case, as in
regime |, the cathode sheath persists during the entire
stage in which the voltage increases. One of the elec-
tron-optical photographs of a surface dischargetakenin
regime Il is shown in Fig. 4d(I1). One can see that the
discharge structure is more symmetrical but is aso
more blurred, compared to that in the positive half-peri-
ods. The spokes and diffuse rosette petals are more pro-
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Fig. 5. Electron-optical photographs of a surface discharge at the instant corresponding to the transition from the rosette to the
streamer phase. The exposuretimeist =20 us. Thefrequency of the applied voltageisf = 3 kHz. Each photograph isasuperposition
of the discharge images taken over 17 ps before and 3 ps after the current spike (including the spike itself). The rosette spokes cor-
responding to thefirst 17 psand the plasmastrips corresponding to the last 3 psare seen. The center of each photograph corresponds
tothe discharge axis (the position of the needle). Thewhite strip at the centers of the photographsisthe shadow of the point electrode
holder. (a) The formation of one plasma strip from spoke no. 5 and (b) the formation of two plasma strips from spoke nos. 1 and 2.

nounced. By the end of the negative half-period, the
rosette grows to its maximum size.

3.1.3. Range Ill: U, < U < U;. When the barrier
corona switches to regime |11, the regular structure on
the dielectric surface disappears. The time-averaged
picture of a discharge that is seen with the naked eyeis
showninFig. 4a(lll). It can be seen that the surface dis-
charge consists of alarge number of streamers of differ-
ent size and a diffuse plasma that occupies the space
between the streamers.

In regime 111, the number of current spikes within a
positive half-period increases greatly and, most impor-
tant, current spikes also appear during negative half-
periods (Fig. 4b(l11)). At a fixed amplitude and fre-
guency of the applied voltage, the number of current
spikes in positive and negative half-periods is not con-
stant and varies from half-period to half-period, espe-
cially for negative half-periods. The average number of
spikes in both positive and negative half-periods
increases with the amplitude of the applied voltage.
Generally, the number of spikes in a positive half-
period islarger than in a negative one.

It can be seen from electron-optical photographs
that any current spike in a positive half-period corre-
sponds to the emergence from the point electrode of a
bunch of streamers surrounded by adiffuse plasma. The
streamer bunch is asymmetric and consists of a few
large primary streamersthat branch out into alot of side
streamers. The shape of the streamer bunch is not
repeated from spike to spike; however, on the whole,
the streamers and the diffuse plasma cover al of the
area on which the charge was accumulated during the
preceding negative half-period. Between the current
spikes, the conduction current and the surface discharge
glow are amost absent.

PLASMA PHYSICS REPORTS  Vol. 30

No. 12 2004

The electron-optical photographs and current wave-
forms indicate that, in negative half-periods, both the
surface discharge glow and the conduction current per-
sist during the entire stage in which the voltage
increases. A specific feature of regimelll isthe appear-
ance of sharp current spikes during these half-periods.
Each current spike is accompanied by the emergence
from the point electrode of one (sometimes two) wide
(with avisible width of about 3 mm) bright 2- to 3-cm-
long plasma strip near the end of which one can see a
bunch of more narrow streamers (Fig. 4d(l11)). The
bright plasma strip and the streamers are surrounded by
a faintly glowing diffuse plasma. The propagation
direction of the plasma strip along the surface and the
streamer configuration are not the same from spike to
spike; however, on the whole, the streamer and the dif-
fuse plasma cover al the area on which the positive
charge was accumulated during the preceding positive
half-period.

Inregimelll, current spikesin negative half-periods
arise not immediately after theinitial pulse correspond-
ing to the ignition of a negative corona (i.e., the forma-
tion of acathode sheath at the point el ectrode). It can be
seen from the current waveformsin Fig. 4b(111) that the
large current spike (with an amplitude of about 100—
200 mA) is preceded by two to three small spikes.

One can see from electron-optical images of the dis-
charge that the current spike is preceded by the afore-
mentioned rosette structure. One (sometimes two) of
therosette’ s spokestransforminto abright plasmastrip.
Such behavior can be seenin Fig. 5, which presentstwo
images of the surface discharge taken with an exposure
time of 20 pus. Each image is a superposition of the dis-
charge images taken during 17 pus before and 3 us after
the current spike (including the spikeitself). The center
of each photograph corresponds to the discharge axis,
i.e., to the position of the point electrode. The rosette
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Fig. 6. Nanosecond-scal e waveforms of the current spikes of abarrier coronain apositive and a negative half-periods of the applied
voltage (f = 3 kHz). The dielectric barrier is a 100-um Mylar film. (a) The first current spike in a positive half-period (regime I1),
(b) the fourth current spike in a positive half-period (regime 1), (c) the first current spike in a negative half-period (regime 1), and
(d) an example of a current spike in a negative half-period (regime ).

spokes and the diffuse plasma surrounding them are
seen in both images. One can see that, in Fig. 5a, a
bright plasma strip is formed from the upper spoke,
whereas Fig. 5b shows two bright strips formed from
two lower spokes.

Nanosecond-scale waveforms of the current spikes
in both half-periods are presented in Fig. 6. The struc-
ture of thefirst current spikein a positive half-period is
shown in Fig. 6a. The spike amplitude is 300 mA, and
therisetime (at aleve of 10 to 90% of the spike ampli-
tude) is 12 ns. At the trailing edge of the spike, the cur-
rent rapidly (over 125 ns) decreases from 300 mA to
10 mA and then slowly (over 5-10 us) decreases to a
quasi-steady level of 0.1 mA. The shapes of the subse-
guent spikes is qualitatively the same, but their ampli-
tudes and the full widths at half-maximum (FWHM)
are somewhat larger. Thus, Fig. 6b presents the wave-
form of the fourth spike. Its amplitude is 400 mA and
therisetimeis40 ns. Thetime during which the current
decreases from 400 mA to 10 mA is 300 ns, while the

time during which the current decreases slowly from 10
to 0.1 mA is5-10 ps.

The waveforms of the current spikes in a negative
half-period are shown in Figs. 6¢ and 6d. The amplitude
of the first spikeis aslow as 5 mA (Fig. 6¢), which is
much lower than that in the positive half-period; how-
ever, itsrisetime (600 ns) and the time during which the
current decreases from 5 to 1 mA (2 us) are much
longer than those in the positive half-period. The time
during which the current slowly decreases to alevel of
0.1 mA (about 5 ps) isapproximately the same asin the
positive half-period.

The amplitudes of the negative current spikes in
regimelll (Fig. 6d) are much higher (160 mA) than that
of theinitial current pulse corresponding to the ignition
of a negative corona, whereas their rise and fall times
(140 and 300 s, respectively) are shorter as compared
to those of the initial current pulse. The characteristic
time during which the current decreases slowly from
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Fig. 7. Electron-optical photographs of a sector-limited barrier coronain argon in a positive half-period of the applied voltage. The
voltage frequency and amplitude aref = 1 kHz and U, = 3.5 kV, respectively. The exposuretimeist = 20 ps. The discharge images

are formed by the () firgt, (b) fifth, and (c) tenth current spikes.
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Fig. 8. Electron-optica photographs of a sector-limited barrier coronain argon in a positive half-period of the applied voltage. The
voltage frequency and amplitude are f = 3 kHz and U, = 3 kV, respectively. The exposure timeist = (g, b) 10 and (c) 20 ps. The

number N of the streamers formed in the discharge during these exposure timesisN = (a) 1, (b) 2, and (c) 3. The numeralsindicate
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the sequence numbers of the streamers.

10to 0.1 mA is approximately the same for al the
spikes and amounts to 5-10 ps.

The limitation of the area accessible for a surface
discharge by a sector lead to certain qualitative changes
inthe discharge structure. Let usillustrate thisusing the
structure of alimited surface discharge operating in the
streamer mode as an example. In these experiments, we
used athinner dielectric barrier (a 100-um-thick Mylar
film).

An analysis of the current waveforms of a limited
surface discharge showsthat the main parameters of the
current spikes in both half-periods are nearly the same
asthosein an unlimited discharge. The amplitude of the
current spikes varies in the range 0.2-0.6 A, and their
FWHM is about 100-300 ns, whereas their risetimeis
approximately five to ten times shorter than in an
unlimited discharge. At the trailing edge, the current
drops to 8-15 mA over 100-300 ns and then slowly
(over 5-10 us) decreases to a quasi-steady level.

Figure 7 presents electron-optical photographs of a
limited barrier corona in a positive half-period. The
exposure time of each photograph is 20 ps. The time
intervals during which each electron-optical photo-
graphs were taken contained only one current spike;
2004
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i.e., each photograph shows a discharge image formed
by asingle current spike, namely, by the first (Fig. 7a),
fifth (Fig. 7b), or tenth (Fig. 7c) spike.

One can seethat, like in an unlimited discharge, the
surface streamer is surrounded on all sides by a diffuse
glow that occurs both near and far from the streamer.
The glow intensity and the streamer length, as well as
the area occupied by the diffuse glow around the
streamers, increase with the voltage. The absence of
traces produced by the streamers and by the diffuse
plasma in preceding current spikes indicates that the
glow time of the surface streamers and the diffuse
plasmaisrather short, no longer than 10 ps, whichisin
good agreement with the fall time of the current spikes.

Figure 8 presents another series of electron-optical
photographs taken in a positive half-period (approxi-
mately in the middle of the spike train) of a sector-lim-
ited discharge. Each photograph shows a discharge
image formed by the different number of current
spikes: (@) a single (sixth) spike, (b) two consecutive
(sixth and seventh) spikes, and (c) three consecutive
(sixth, seventh, and eighth) spikes.

It can be seen from Figs. 7 and 8 that, in a limited
discharge (in contrast to an unlimited one), each current
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Fig. 9. Electron-optical photograph of a sector-limited bar-
rier coronain argon in a negative half-period of the applied
voltage (streamer mode). The voltage frequency and ampli-
tudearef =3 kHz and U, = 3KV, respectively. The exposure

timeist =20 ps. Thedischargeimageisformed by thefifth
current spike.

spike corresponds to a single primary streamer, which
then propagates along a twisted tragjectory along the
surface and undergoes branching. Each subsequent
streamer propagates along its own trajectory rather than
along the tragjectory of the preceding streamer. It was
also found that positive streamers did not follow thetra-
jectories of negative streamers.

Figure 9 shows an electron-optical photograph of a
limited barrier coronain a negative half-period at afre-
guency of f = 3 kHz. The glow intensity of the negative
streamersis appreciably higher than that of the positive
ones. For this reason, the photographs of the negative
streamers were taken with a smaller aperture of the
image-tube objective. The exposure time was 20 ps.
The photograph shows the image of the surface dis-
charge formed by the fifth current spike. One can see a
wide bright streamer (which resemblesaplasmastripin
an unlimited discharge) with a large-area diffuse glow
around the streamer head and a lot of thin streamers
emerging from the head in different directions. Note
that such behavior in some respects resemblesthe prop-
agation of aleader, in front of which afan of streamers
also arises. The diffuse glow is less pronounced far
from the negative streamer, although special experi-
ments reveal its existence. The absence of the traces of
the negative streamers formed during the preceding
current spike also indicatesthat their glow timeisrather
short (shorter than the time interval between two con-
secutive spikes), which agrees with the fact that the cur-
rent decay timeis no longer than 10 ps.

The length of the negative streamers increases with
the voltage; however, they are generally shorter than the
positive streamers. In argon, the length of the surface
streamers can exceed 10 cm, whereas their trajectory
can be quite intricate, which leads to amazing effects.
Electron-optical photographs of the streamers propa
gating from apoint electrode show that, as the streamer
propagates and branches, it can not only to move away
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from the point electrode (which seems to be quite rea-
sonable) but also to approach it when moving along a
curved trajectory. Such behavior has never been
observed for volume and surface streamers propagating
perpendicularly to along rod electrode.

An anaysis of the electron-optical photographs
shows that the diffuse plasma that exists together with
the streamers is nonuniformly distributed over the
dielectric surface: it is concentrated within individual
domains, in which the distribution of the glow intensity
is aso nonuniform. Beaded structures in which the
streamers alternated with diffuse plasma regions were
often observed (see, e.g., Fig. 8b). In such structures,
either several diffuse plasmaregionswere connected by
streamers or, vice versa, a streamer was broken with
diffuse plasma regions. Such a structure can aso be
interpreted as an irregular surface contraction of the
diffuse plasma.

3.2. Satistical Characteristics
of the Surface Sreamers

Statistical characteristics of surface streamers (such
as the mean free path of a streamer from one branch
point to the next, the dependence of this mean free path
on the sequence number of the branch point and the fre-
quency of the applied voltage, the average number of
branch pointsin a single streamer that started from the
point electrode, and the average number of branchings
per branch point) are of great interest. To determine
these characteristics, we processed many electron-opti-
cal images of limited discharges similar to those shown
in Figs. 7-9.

Figure 10 shows the normalized distributions of the
positive and negative surface streamers, F(i) = N;/Ns,
over the number i of their branch points at different fre-
guencies of the applied voltage (here, Ns is the total
number of the recorded streamers that started from the
point electrode and N; is the number of the streamers
that underwent i branchings).

One can see that the branching parameters are
approximately the same (to within the statistical error)
for negative and positive streamers and depend only
slightly on the voltage frequency. The average number
of branch pointsin aninitial streamer issmall: from 0.8
to 1.35 (i.e, approximately one branch point per
streamer). The fraction of streamers that undergo more
than three (from four to six) branchings is very low
(=1%).

Figure 11 shows the dependences of the streamer
mean free path between two consecutive branch points
on the frequency of the applied voltage in (a) positive
and (b) negative half-periods. Here, |, |,,, and |5 stand
for the streamer mean free paths between the point el ec-
trode and the first branch point, between the first and
the second branch points, and between the second and
the third branch points, respectively. In other words, the
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Fig. 10. Normalized distribution F = N;/Ns of the (a) positive and (b) negative surface streamersin argon over the number i of their
branch points for different frequencies of the applied voltage. Here, N5 is the total number of the recorded streamers that started
from the point electrode and N; is the number of the streamers that underwent i branchings. The voltage amplitudeis U, = 3.5kV.
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Fig. 11. The mean free path of a surface streamer between two consecutive branch points vs. voltage frequency f in a sector-limited
barrier coronain (a) positive and (b) negative half-periods. The voltage amplitudeisU, = 3.5kV. Here, |, 11,, and |5 stand for the

streamers of different generations.

figure shows the distribution of the mean free paths of
the streamers of different generations.

We can see that, in both half-periods, the streamers
of the first generation have the longest mean free path
(about 2 cm) and, at frequencies lower than 3 kHz, are
approximately twice aslong asthe streamers of the sec-
ond and third generations (I,; 02I,, and I, 002ly). In
negative half-periods, such aratio between the streamer

PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004

lengths was observed at all the frequencies under study
(up to 10 kHz).

To within statistical scatter, the lengths of the sec-
ond- and third-generation streamers are the same (1, 0
[, =1 cm) in both half-periods and are almost indepen-
dent of the frequency. In positive half-periods, at fre-
guencies higher than 3 kHz, the length of the first-gen-
eration streamers becomes equal (to within the same
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Fig. 12. Diagram of the energy levels, the emission spectra, and the oscillator strengths of different transitions for an argon atom

[10].

accuracy) to the lengths of the second- and third-gener-
ation streamers.

In most of the branch points, a streamer splits into
two daughter streamers. The fraction of the branch
points in which three daughter streamers are formed
does not exceed 5%. The angle a between the daughter
streamers varies in awide range from 10° to 110°.

Thus, we can conclude that the visua difference
between positive and negative half-periods is mainly
related to the different number of streamers in these
half-periods rather than to the different properties of
branching: in positive half-periods, each current spike
corresponds to a new streamer, whereas in negative
half-periods, there istypically only one streamer which
then undergoes branching.

3.3. Emission Spectrum
of a Barrier Coronain Argon

Spectroscopic studies can provide important dataon
the parameters of the diffuse and streamer plasmas. An
analysis of the emission spectrum from a sector-limited
barrier corona in the visible and UV spectra regions
shows that the plasma of a surface dischargein argonis

an efficient source of emission in various argon atomic
lines. In atmospheric-pressure argon, intense VUV
emission of argondimersat A = 110 and 126 nmisalso
feasible; however, in our experiments, such emission
was not recorded.

The most intense emission is concentrated in thered
wing of the spectrum in the Ar atomic lines with A =
810.4 and 811.5 nm, corresponding to the 4P — 4S
transitions [10] (see Fig. 12). There are also many
atomic lines with an appreciable emission intensity in
the blue—green spectral region (A = 350-500 nm). Here,
the most intense lines are those with wavelengths of A =
416.4 and 426.6 nm (the 4P —» 4Stransitions). Their
emission intensities in negative half-periods are
approximately twice as high as those in positive half-
periods.

In abarrier corona, thereisaso fairly intense emis-
sion from Ar* atomic ions. Here, the most intense lines
are those with wavelengths of A = 480.6, 484.8, and
488.0 nm (the 4P — 4Stransitions). Their emission
intensities are approximately equal to one ancther. As
in the case of argon atomic emission, the intensities of
theion linesin negative half-periods are nearly twice as
high as those in positive periods and are amost inde-
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I, arb. units

25
20
15

10

Fig. 13. Time-averaged intensity of the (1) 426.6-nm and
(2) 488.0-nm line emission from a sector-limited barrier
corona in argon vs. distance from the discharge axis. The
voltage frequency and amplitude are f = 400 Hz and U, =

3.5kV, respectively.

pendent of the frequency of the applied voltage. The
emission intensities of al the lines under study (both
atomic and ionic) normalized to the intensity of the
416.4-nm line (the 5P —» 4Stransition) are

lyr6.4 < lanes < 1s6s.1 2 13100 Is10.4 < Is11s < lagoe : lasas : lasso
=1:07:0.1:4:15:4:0.18:0.15:0.21.

We compared our results with the table data on the
emission intensities of different lines[11]. It turned out
that the intensity of the 565-nm line (the SD — 4P
transition) in a barrier corona is very low, approxi-
mately five times lower than the intensity of the
426.6-nm line, although the table [11] shows that their
intensities are nearly the same. In contrast, the rather
weak (according to [11]) 310-nm line (the 8F —~ 4S
transition) turned out to be quite intense under condi-

ph
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tions of abarrier corona. (Notethat, in[11], the dataon
the emission intensities of the atomic and ionic lines
from discharges excited in a Geissler tube are pre-
sented.)

Our experiments showed that the time-averaged
emission intensities 1, of all the spectra lines under
study monotonically decreased with distance from the
point electrode. As an illustration, Fig. 13 shows the
dependences of the emission intensities I, at A =
(1) 426.6 and (2) 488.0 nm on the distance r from the
point electrode in negative half-periods. It can be seen
that, in spite of the axial geometry of a surface dis-
charge, the averaged intensity I, is not proportional
to 1/r.

The time evolution of the emission intensity in dif-
ferent lines from different regions of adischargeisaso
of great interest. Figure 14 presents waveforms of the
barrier corona current during a negative haf-period
together with the time behavior of the intensity of the
416.4-nm line emitted from aregion located a distance
of 25 mm from the point electrode. Since the trajecto-
ries of negative streamers in different current spikes
were close to one another, the observational zone
(20 mm in size) covered all possible trajectories of the
negative streamers within the discharge region under
study. Thus, all streamers definitely passed through the
observational zone.

One can see (Fig. 144) that the first emission pulse
in the observational zone occurred at the instant corre-
sponding to the fourth current spike. The number of the
current spikes after which the first emission pulse
occursisafunction of the voltage frequency and ampli-
tude. Such a delayed emission agrees with electron-
optical photographs, which show that the length of a
negative streamer increases in a stepwise manner from
spike to spike. From this time delay (of about 50 ps),
we can estimate the average velocity of the stepwise
propagation of anegative streamer asV,, [12 x 10* cm/s,

Fig. 14. Waveforms of the current | and the emission signal Uy, (A = 416.4 nm) in anegative half-period of a sector-limited barrier

coronain argon. The emission was recorded from aregion located a distance of 25 mm from the point electrode. The voltage fre-
quency and amplitude are f = 400 Hz and U, = 3.5 kV, respectively. The current scale is 20 mA/division, the voltage scale is

5 mV/division, and the time scale is (a) 50 and (b) 2 ps/division.

PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004
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Fig. 15. Waveforms of the current | and the emission signal Uy, (A = 416.4 nm) in a positive half-period of a sector-limited barrier

coronain argon. The emission was recorded from aregion located a distance of 25 mm from the point electrode. The voltage fre-
quency and amplitude are f = 400 Hz and U, = 3.5 kV, respectively. The current scaleis (a) 100 and (b) 20 mA/division, the voltage
scaleis5 mV/division, and thetime scaleis (a) 50 and (b) 2 pg/division.

although the actual propagation velocity of a negative
streamer is much higher (V_ [0 10® cm/s), because, in
each current spike, the streamer starts from the point
electrode.

The number of emission pulses recorded at a great
distance from the point electrode turns out to be lower
than the number of the current spikes. However, in the
immediate vicinity of the point electrode, the numbers
of the emission pulses and current spikes are equal to
one another. Hence, some streamers corresponding to
low-amplitude current spikes do not reach the observa-
tional zone.

In the case of positive streamers (Fig. 15a), thetime
delay between the first current spike and the arrival of
the first streamer to the observational zone is almost
absent; i.e., each current spike corresponds to its own
fast streamer propagating with a velocity of V, 02 x

10® cm/s (which is about twice as high as that of a neg-
ative streamer) over a large distance from the point
electrode. In positive half-periods, the number of the
emission pulses recorded at a large distance from the
point electrode is also |ess than the number of the cur-
rent spikes, but for another reason.

As was noted above, positive streamers do not fol-
low the sametrgjectory: they are more or lessuniformly
distributed over the dielectric surface. On the other
hand, the observational zone covered only a fraction
(about one-half) of al the possible trgjectories of the
positive streamers. Most likely, this is the reason why
the number of the current spikes was not equal to the
number of the emission pulses.

Another amazing feature of the surface streamers
was found in experiments on studying their emission
dynamics. It was found (see Figs. 14b and 15b) that the
maximum intensity of the streamer emission (both in
positive and negative half-periods) was reached much
later than the maximum of the current spike corre-
sponding to this streamer; i.e., the emission intensity of

the streamer kept increasing after the streamer current
had already passed its maximum and rapidly decreased.
The corresponding time delay was about 2 s, whereas
the FWHM of the current spike was about 0.1-0.2 ps.
Note that we also observed the long-term (lasting over
10-20 ps) afterglow of the positive and negative
streamers.

4. DISCUSSION

The evolution of the slowly varying current of a dif-
fuse barrier corona in negative half-periods (regime I)
can be described using the experimental fact that the
radiusr of the area occupied by the diffuse plasma of a
surface discharge increases linearly with the applied
voltage U(t) = Ugsinwt: r = a(U — Uy), where a is a
dimensional proportionality coefficient (e.g., for f =
1kHz, we have a = 2.2 cm/kV) and U, is the corona
ignition voltage. The capacitance of the barrier covered
with the diffuse plasmais C = ¢,ma?(U — U,)?, where c,
is the specific (per unit area) barrier capacitance, and
the charge accumulated on the barrier isq = CU. Hence,
the discharge current, which is equa to the time deriv-
ative of the charge, is

1(t)
2 .3 . Uqs .. U (D
= ma c,U, wcosut=sinwt — — snwt — —=.
1~a % UaD% U

Current waveform (1) is close to the one experimen-
tally observed; moreover, this expression provides a
gualitatively correct description of the parametric
dependences of the quasi-steady current of a diffuse
surface discharge on the amplitude and frequency of the
applied voltage.

In a streamer regime, the area occupied by the
streamers on the dielectric surface and the streamer
lifetime aretoo small for the streamersto carry thetotal
PLASMA PHYSICS REPORTS  Vol. 30

No. 12 2004



STRUCTURE OF THE SURFACE STREAMERS

current of the barrier corona. Hence, the current in the
streamer regime can be closed as follows: first, the
streamer rapidly propagates along the surface and the
high potential of the point electrode spreads over the
entire streamer length; a nearly planar ionization wave
then propagates slowly from the streamer side surface
and covers a large area on the dielectric surface, thus
allowing the main corona current to flow through the
corona.

The propagation of the ionization wave, which
leaves adiffuse plasmabehind itsfront, can be regarded
asthe propagation of acharging wave along the dielec-
tric surface. This leads to the charging of a progres-
sively increasing barrier capacitance through the dis-
tributed plasmaresistance. This processis analogousto
the charging of an infinite sequence of discrete RC cells
in which the capacitance of any subsequent cell begins
to be charged only when the capacitance of the previous
cell has aready been charged to a certain threshold
voltage U*. The presence of such a threshold voltage
makes the propagation of the ionization wave substan-
tidly different from the propagation of an ordinary
charging wave along a chain of distributed or discrete
RC cells. This is related to the existence of a critical
electric field (or areduced electric field E/N) that must
be present at the front of theionization wavefor it could

propagate.

The propagation time of such awave is limited, on
the one hand, by the plasma decay time and, on the
other, by the plasma lifetime in the streamer from
which the plane ionization wave propagates. The char-
acteristic time between current spikesis 10-30 us. Itis
known [12] that, in atmospheric-pressure argon, the

most abundant ions are the molecular Ar, ions. The
coefficient of dissociative recombination of these ions
is about 107 cm?s. One can readily estimate that,
within the abovetimeinterval, the plasmadensity holds
at afairly high level of no lower than 3 x 10! cm>.

Let us consider a simple model that does not claim
to quantitatively describe the experimental results but
provides a reasonable qualitative picture of the phe-
nomenon observed. We assume that a uniform plasma
sheet with athickness & and time-independent conduc-
tivity o isformed behind the front of a planeionization
wave. In this case, the specific resistance of the plasma
sheet per unit width, R,, increases linearly with the
sheet length x:

=X

Ro(X) = == )
The capacitance (per unit width) C, of a barrier
region of length Ax in front of the ionization wave is
C, =¢,&%, where ¢, = g,g/d isthe specific (per unit area)
capacitance of abarrier with a permittivity € and thick-
ness d. After the ionization wave travels the distance
AX, this barrier region is charged to the threshold volt-
PLASMA PHYSICS REPORTS  Vol. 30
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age U* over a time that is determined by the RC
product:

At = T(x)In—2—

Uu—u*’ )

c . .
where T(X) = 5—; xAx and U = U(t) is the discharge volt-

age. It follows from this that the velocity V of the ion-
ization waveis

AV,

o0 1
VO =% = — 0 x

_U
u-u*

According to expression (4), the plane ionization
wave decelerates as it propagates away from the side
surface of the streamer. The deceleration rate is deter-
mined by the parameters of the plasma sheet and dielec-
tric barrier: the higher the plasma conductivity, the
larger the plasma sheet thickness, and the lower the spe-
cific barrier capacitance, the higher the wave propaga-
tion velocity. The wave velocity aso depends on the
overvoltage U/U*. For high overvoltages (U/U* > 1),
the wave velocity is proportional to the overvoltage
value.

The current related to the propagation of the plane
ionization wave along the barrier surfaceis

C))
cIn

X

I0)=qjﬂ%%£2

Xo

dx, 5)

where Uy(x, t) is the voltage at the barrier under the
plasma sheet at a distance x from streamer at the instant
t, %, isthe streamer radius, and x; isthe coordinate of the
wave front at thetimet. Therelation between x;, X,, and
t can be obtained from expression (4)

X = xpr 220y

c InL
R VSVE

Let us assume that the electric field E in the plasma
sheet is uniform and depends only on time. The formu-
las for the field E(t) and voltage U(x, t) can then be
derived from the voltage balance at the points x(t)
and X,

(6)

E(x(t) =U - U*, (7
Uy(x, t) = U — E(t)X. 8)

After substituting the expression Uyx, t) = U —
U-uU*
X¢(t)

0 U-uU* at
I(t) = cla—t[U(A/xg+at—xo)—T

A/x§+ aJ’(9)

x into formula (5), we obtain
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200
_Y
U-u*

The applied voltage changes only slightly during
the propagation of the plane ionization wave between
two consecutive current spikes; hence, thevoltageU in
can be considered constant when differentiating
expression (9) over time. We thus obtain

2

U-U*2X%, +at

{U— 5 - } (10)
Xo + at

wherea =
ciIn

c,a

1(t) =

2 x§+at

At the time corresponding to a sharp decrease in the
current after the fast propagation of the surface

. . c,au*
streamer is complete, the current is |, = >
0
60U Dégu [J 10 mA. Asthe ionization wave
INn—— 0
XING—os

propagates far away from the streamer, the current
decreases over time as (/1) :

(1) = SBUTY  2ed0 [UU+Lr ),
k4 VR

Thus, the above simple mode accounts for the slow
(over 5-10 ps) decay of the discharge current after the
fast streamer propagation. The expressions obtained
can be used to estimate the energy deposited in a sur-
face streamer. This alows one to discover the reasons
for an increase in the streamer glow intensity in the
stage when the current decreases. Note that a similar
phenomenon (namely, an increase in the streamer glow
intensity after the current has already passed its maxi-
mum corresponding to the bridging of the interelec-
trode gap) was also observed in the case of volume
streamers[13].

The above model can also be used to estimate the
specific energy depoasition required for the surface con-
traction of the diffuse plasma. Note that the presence of
adiffuse plasmaaround streamers does not alow oneto
directly use the fractal approach [14] when describing
the structure (in particular, the branching characteris-
tics) of surface streamers.

Thereasonswhy diffuseregime| of abarrier corona
transforms into streamer regime |l are related to the
ionization instability of the cathode and anode sheaths
near the point electrode during the corresponding volt-
age half-periods. Indeed, as we showed earlier in [15],
there are critical currents for transforming the cathode
and anode sheaths into prearc spots that induce the
streamer formation. The current needed for the forma-
tion of an anode spot is appreciably lower than that
required for the formation of acathode spot. Thisseems
to be onereason why anincreasein the amplitude of the
ac voltage applied to a barrier corona leads first to the

AKISHEYV et al.

formation of streamersin positive half-periods and then
in negative ones.

5. CONCLUSIONS

(i) Inabarrier corona, the conduction current is car-
ried along the dielectric surface both by streamers and
by adiffuse plasma.

(ii) The time evolution of the quasi-steady current
correlates with the behavior of the diffuse plasma. The
current amplitude in negative half-periods is higher
than in positive ones and increases with increasing
amplitude and frequency of the applied voltage.

(iii) In the streamer mode of a sector-limited dis-
charge, each current spike corresponds to an individual
surface streamer propagating along its own trajectory.
In an unlimited discharge, one current spike can be
related to several surface streamers.

(iv) Generaly, the emission intensity and visible
diameter of the negative streamers are higher than those
of the positive streamers.

(v) The duration of the emission pulses from both
positive and negative surface streamers significantly
exceeds the duration of the corresponding current
spikes, the maximum of the emission intensity being
delayed with respect to the discharge current maxi-
mum.

(vi) The degree of branching of the surface stream-
ersisrelatively low: up to 50% of the streamers propa-
gate without branching.
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Study of the Oxidation of Alkanesin Their Mixtures
with Oxygen and Air under the Action
of a Pulsed Volume Nanosecond Discharge
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Abstract—The slow oxidation of alkanes (from methane to hexane) in their stoichiometric mixtures with oxy-
gen or air under the action of nanosecond pulsed discharges was investigated. The discharges were excited ina
tube of diameter 5 cm and length of 20 cm by 25-ns voltage pulses with an amplitude of 10 kV and arepetition
rate of 40 Hz. Theinitial pressurein the mixture was varied in the range 0.76-10.1 torr. The current, the electric
field strength, and the power deposited in a discharge were measured with a nanosecond time resolution. In
time-resolved and time-integrated measurements, the intensities of the following bands were determined:

CO, (B’ — XM, 8v = 0), CH(A’A, v' =0 —= XM, v" = 0), OH(A’Z, v' = 0 —= XM, v" = 0),
COMB'Z, v'=0 — AN, v" =2), NO(A2Z — XM, dv = 3), No(C’M, v'=1 — B, v" =7), Ny(B3M,
v'=6 — A’Z, v"=3), and N; (B%Z, v' =0 —= X33, v" = 2). The methane concentration was measured
from the absorption of He—Ne laser radiation. Based on the results of optical measurements, the times of the
complete oxidation of hydrocarbons were determined. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Plasmochemical studies cover awide range of prob-
lems—from creating chemical lasers and ozonizer to
processing liquid and solid wastes. Two large areas of
application can be distinguished: thosein which plasma
is used to heat reacting mixtures [1, 2] and those in
which excited and charged particles play an important
role[1, 3, 4]. It is clear that the basic parameter deter-
mining the efficiency of plasma sources in the second
area of application is how far the plasma state is from
equilibrium. This parameter can be defined as the ratio
of the energy deposited in all the internal degrees of
freedom of agasto the energy deposited in tranglational
and rotational degrees of freedom. The reactivity of a
gas mixture with a high value of this ratio is many
orders of magnitude higher than that of a plasmain an
equilibrium state, provided that the total energies are
the same. From the standpoint of the chemical activity
of a gas mixture, the most advantageous types of dis-
charge are those in which energy is more efficiently
deposited in the higher energy degrees of freedom. For
many plasmochemical applications (e.g., for the
plasma processing of surfaces and ignition of combus-
tible mixtures in engines), an important requirement is
that the plasma be highly homogenous.

Therefore, it is of considerable interest to develop
generators of a strongly nonequilibrium plasma that
would be capable of operating at gas pressures close to
atmospheric and would be characterized by the high
efficiency and high plasma homogeneity. In recent
decades, results demonstrating the high efficiency of a

nanosecond pulsed power supply have been obtained.
Its high efficiency is due to the high reduced electric
field in adischarge and due to the high spatial homoge-
neity and low gas temperature of the plasma produced.
A dischargein the form of afast ionization wave (FIW)
[5-7] can be an efficient source of a strongly nonequi-
librium plasma.

FIW discharges are usually excited in long tubes or
at high overvoltages (the return stroke in lightning is a
natural example of an FIW). The characteristic growth
time of the ionization wave ranges from several nano-
seconds to several tens of nanoseconds. The propaga-
tion velocity of an FIW can be as high as two-thirds of
the speed of light [8]. FIW discharges are characterized
by their high plasma homogeneity, their high reproduc-
ibility (in the regime of arepetitive discharge), the high
degree to which the plasmaisfar from equilibrium, and
the relatively low gas temperature. This type of dis-
charge has been produced in large volumes (up to 40 I)
under laboratory conditions [9]. An FIW discharge is
highly efficient and can be excited at pressures close to
atmospheric. In the experiments in [10], where the
amplitude of the voltage pulse at the high-voltage elec-
trode reached 100160 kV, amost uniform FIWs were
produced in combustible mixtures at high trandlational
temperatures and gas densities corresponding to pres-
sures of several hundred torr. In [8], FIWswere excited
in a4-mm-diameter 47-cm-long tube filled with air at a
pressure of 500 torr or with helium at atmospheric pres-
sure, the voltage-pul se amplitude being 250 kV. A char-
acteristic feature of an FIW isits low sensitivity to the
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electronegative property of a gas. Thus, FIWs have
been excited in SF, at a pressure of 400 torr and a volt-
age of 125 kV [11]. A maximum efficiency of 95% was
achieved in experiments with repetitive discharges at a
voltage amplitude of 16 kV [12, 13]. The energy depos-
ited in a discharge is typically about 70% of the initial
energy in the electric pulse. In experimentsin nitrogen,
hydrogen, and air, the field strength measured at the
FIW front at avoltage amplitude of 15 kV exceeded the
threshold for generating runaway electrons[14]; inthis
case, 50% of the deposited energy was spent on ioniza-
tion and the excitation of oscillations [7]. Hence, an
FIW isahighly efficient source of nonequilibrium low-
temperature spatially uniform plasma.

The interest in igniting combustible mixtures by a
uniform nonequilibrium plasmais motivated to alarge
extent by the possibility of using thistype of ignitionin
the jet engines of hypersonic aircraft. In this case, a
necessary condition for applying FIW-induced ignition
is high plasma homogeneity and high mixture density
corresponding to pressures of several tens of torr to sev-
eral hundred torr. The efficiency of such ignition was
demonstrated in [10, 15]. It was shown that theignition
threshold for methane—air mixtures was reduced by
600 K at arather low energy deposition (corresponding
to a temperature below 100 K) in the discharge. The
experiments were carried out in a single-pulse mode
behind the refl ected shock wave; this circumstance sub-
stantiadly limited the possibility of studying the dis-
charge kinetics in those experiments.

The kinetics of chemical reactionsin hydrocarbon—
air fuel mixtures is farly intricate. A typical kinetic
scheme adequately describing the self-ignition of a
heptane—air mixture contains about 550 components
and involves 5000 reactions [16]. The oxidation kinet-
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icsin agas discharge is aso significantly complicated
by the influence of ions, electronically excited mole-
cules, andradicals. In the present paper, we describethe
results from experimental studies of the oxidation
kinetics of alkanes under the action of a high-voltage
repetitive nanosecond discharge.

2. EXPERIMENTAL SETUP

Figure 1 shows ablock diagram of the experimental
setup. The discharge was excited in a quartz tube by
negative voltage pulses with an amplitude of 11 kV, a
full width at half-maximum (FWHM) of 25 ns, arise
time of 5 ns, and arepetition rate of 40 Hz. The voltage
pulses, generated by a high-voltage source, were fed to
the discharge device through an RK-50-11-11 rf cable
of length 20 m. The discharge cell was a quartz tube
with an inner diameter of 47 mm and outer diameter of
50 mm. The braided screen of the cable was connected
to the low-voltage electrode (anode) of the discharge
cell by eight 12-mm-diameter brass rods that were par-
allel to the cell and were arranged equidistantly along a
circle 140 mm in diameter. The high-voltage electrode
(cathode) was a duralumin cone with a cone angle of
60°. The distance between the anode and the cathode
was 200 mm. The pressure in the mixture in the course
of oxidation was monitored by an MD x 4S mechan-
otron.

The system for the electric diagnostics of the dis-
charge consisted of acapacitive gaugethat could be dis-
placed aong the discharge cell and a return-current
shunt mounted in the break of the screen of the high-
voltage cable. The distance from the current shunt to
the discharge cell was chosen such that the current
pulses applied to the discharge cell and those reflected
from it were separated in time.
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Fig. 1. Schematic of the experimental setup: (1) discharge cell, (2, 3) electrodes, (4) CaF, optical window, (5) high-voltage gener-
ator, (6) current shunt, (7) capacitive gauge, (8) monochromator, (9) FEU-100 photomultiplier, (10) S9-8 and TDS-380 oscillo-
scopes, (11) PC, (12) power supply units, (13) He-Nelaser (A = 3.3922 um, and (14) Pb—Se photoresistor.
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Table 1. Mixtures under study

ANIKIN et al.

Hydrocarbon CH,4 C,Hg
Mixture with O, 33.3% 22.2%
Mixture with air 11.11% -

C3H8 C4H 10 C5H12 CGH 14
16.6% 13.3% 11.1% 9.5%
- - 3.03% 2.56%

In all of the mixtures under study, we performed
both time-integrated and time-resolved measurements
of the emission intensity of various molecular bands
(the passband of the signal linewas 150 MHz). Thedis-
charge emission was output through a 30-mm-diameter
CaF, window in the low-voltage ring electrode. The
emission intensity was measured with an MDR-23
monochromator (with a 1200-groove/mm grating and a
linear dispersion of 1.2 nm/mm) and an FEU-100 pho-
tomultiplier (with a signal rise time of no more than
3 ns and a spectral sensitivity range of 200800 nm).
The power supply circuit and the signal cables of the
photomultiplier were additionally screened so that the
noise amplitude did not exceed 15 mV. The entrance dlit
of the monochromator was located 13 cm from the opti-
ca window:; this allowed us to collect emission from
almost the entire volume of the discharge cell.

The measurements were performed over 128 pul ses;
at arepetition rate of 40 Hz, this corresponded to atime
interval of 3.2 s. Except for the potential distribution
along the discharge gap, the time-resolved measure-
mentswere performed near the instant at which the dis-
charge was switched on and after the complete oxida-
tion of hydrocarbons. The spatiotemporal evolution of
the potential along the discharge cell was measured
only after oxidation.

In addition, the absorption of He-Ne laser radiation
at a wavelength of 3.3922 pm was measured in meth-
ane-containing mixtures.

Time-resolved signals were recorded by a Tektronix
TDS-380 oscilloscope with a passband of 400 MHz,
and time-integrated measurements were performed
with the help of an S9-8 oscilloscope with a time base
of 100, 200, or 400 s.

We studied the oxidation of hydrocarbons under the
action of nanosecond pulsed dischargesin stoichiomet-
ric mixtures of alkanes (from methane to hexane) with
oxygen and stoichiometric mixtures of methane, pen-
tane, and hexane with air in the pressure range of 0.76—
10.06 torr with a step of 0.76 torr. The percentage of
hydrocarbons in the mixtures under study is listed in
Table 1.

Mixtures of heavy hydrocarbons were prepared at a
partial pressure below the saturation vapor pressure at
room temperature. Hydrocarbons were injected into an
evacuated 20-1 glass vessel. The mass of the injected
hydrocarbon was 20% lower than the mass of saturated
vapor in the vessel volume at room temperature. By
monitoring the pressure in the vessel (as the hydrocar-
bon evaporates and is heated to room temperature, the
pressure increases and reaches its steady-state value),

we could determine the hydrocarbon concentration in
the vessel. The vessel was then filled with oxygen up to
the pressure corresponding to a stoichiometric mixture.
The gasesinside the vessel were mixed for two days. In
the experiments with hydrocarbon—air mixtures, nitro-
gen was added to a hydrocarbon—oxygen mixture.

3. MEASUREMENT TECHNIQUES

3.1. Measurements of the Current, Electric Field
Srength, and Deposited Energy

The electric potential V,(t) along the discharge cell
was measured by the capacitive gauge, which was posi-
tioned successively at distances of x; = 0.0, 3.6, 7.2,
10.8, 14.4, and 18.0 cm from the edge of the conical
electrode.

The current J,(t) through the high-voltage electrode
was measured by the return-current shunt using the
conventional measurement procedure [17]. Figure 2a
shows atypical waveform of the shunt current. Thefirst
(“incident™) current pulseisthat supplied from the gen-
erator. This pulse is partially reflected from the dis-
charge cell and 100 nslater returns into the cable cross
section at which the current shunt is located; thisis the
second (“reflected”) pulse recorded by the current
shunt. The pulse then returns to the generator and,
reflecting from it, returns to the shunt and again to the
discharge cell; i.e., the process of propagation of the
current pulsesisrepeated over time. Therefore, the cur-
rent shunt records pairs of pulses; each pair consists of
the incident and reflected pulse, the time interval
between them being 200 ns. The energy deposited in
the discharge gap in one pulseis equal to the difference
between the energies of the incident and reflected
pulses. From the charge continuity equation at the high-
voltage electrode (with allowance for the fact that the
reflected pulse is of opposite sign), we find the current
through the discharge cell:

Jo(t) = J(t) + J(t + 2At), (1
where J = J(t) is the current in the incident pulse, J =
J(t + 2At) is the current in the reflected pulse (Fig. 2),
and At isthetime it takes for an electric pulse to travel
the distance from the shunt to the high-voltage elec-
trode. It should be noted that the shunt measurements
allow us to determine not only the current through the
high-voltage electrode, but aso its potentia U,
(Fig. 2b). The potentia of the high-voltage electrodeis
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Fig. 2. Discharge characteristics measured by the current shunt:
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(a) waveform of the current in the cable, (b) current through the

electrode, and (c) potential of the high-voltage electrode. The initial pressure of the CH,—air mixtureis 1.51 torr.

proportional to the difference between the currents the
incident and reflected pulses:

Uo(t) = R[I(t) = J(t + 2At)], @)

where R=50 Q iswave impedance of the supply cable.

To determine the electric field strength and the cur-
rent in different cross sections along the discharge cell,
we used telegraph equations in which both the capaci-
tance and inductance of the discharge cell were taken
into account. The capacitance (per unit length) of the
discharge cell (C = 5.2 nF/cm) was cal culated assuming
that an excessive charge was accumulated near the cell
wall. Assuming that the current density is constant over
the cross section, the linear inductance of the discharge
cell wasfound to be L = 2.8 nH/cm. The resistance was
assumed to be variable over space and time.

The telegraph equations have the form

oV . _ 8
(3)
a_J = _Ca_\/
0x ot’

where J(x, t) isthe current, V(x, t) isthe potential, and
R(x, t) isthe resistance per unit length in the cross sec-
tion x at atimet.

Assuming that the longitudinal component of the
electric field isequal to E (x, t) = J(x, )R(X, t) (herein-
after, this component is denoted as E), we abtain

ov G|
— 4 = —| —
0x E Lat’
“4)
0_\] = _Ca_\/
0x ot’
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Since the measurements were performed with a dis-
crete set of points, we approximate V, (t) and J;(t) inthe
intervals (X, % , ;) by linear functions of x:

V= V(D) + 5 (Vi) - VD),
';_X' | )
I = 30+ = (a0 =),

In finite differences with respect to x, the second
equation of set (3) can be represented as

3= _ v
Xi+1—Xi ot’
The right-hand side of this equation depends on X,
whereas the left-had side does not. To solve this equa-
tion, we average the right-hand side of Eq. (6) over the
interval (X, X . ):
_C(X41=X) 0
2 ot
Asaresult, we find that the current in the cross section
with the coordinate x; , ; isequal to

(6)

Jis1 =3 (Vi+Vi.). (7

i
Jiv1 = Jo— z
k=0

To find the electric field strength, we average Eq. (1)
over theinterval (X, X, 1):

Ei..(t) + E(1)

2
Vied(H)-Vi(t) Lo
Xi+1—Xi 20t

C(Xk+1_xk) 0

> 57[(Vk+vk+1)- (8)

)

(Ji(0) + Jiva).
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Thus, we have recalculated the measured € ectric
current through the high-voltage el ectrode and the mea-
sured potentials in different cross sections of the dis-
charge cell to the electric field strengths and currentsin
these cross sections with allowance for the capacitance
and inductance of the discharge cell.

The obtained values of E(x, t) and J(x, t) were used
to calcul ate the spatiotemporal evolution of the specific
power W(X, t) = E(X, t)J(X, t)/S deposited in the gas.

It should be noted that the approximations used in
the above calculations do not allow one to adequately
describe the evolution of thefield at the front of theion-
ization wave [18], becausetheradial fieldsand currents
were ignored and the spatial sensitivity function of the
capacitive gauge was approximated by a deltafunction.
However, behind the front and further, after the ioniza-
tion wave has bridged the gap, the above assumptions
arewell justified [18]. The approximation of the spatial
sensitivity function by a delta function also does not
allow oneto calculate the electric field near the cathode.
Note that, under our experimental conditions at pres-
sures p > 3 torr (corresponding to the maximum depos-
ited energy), most of the energy is deposited in the gas
in later stages of the discharge in which the value of the
cathode voltage drop is of minor importance. Hence, the
technique used in our study allows us to find the distri-
bution of the electric field within thetimeinterval that is
most important from the standpoint of gas excitation.

3.2. Emission Spectroscopy: Experimental Study
of the Optical Characteristics of a Discharge

Under our experimental conditions, a few thousand
pulses are required to completely oxidize alkanes (this
takes from several tens of seconds to several hundred
seconds); hence, the time-integrated signal from the
photomultiplier providesinformation about the dynam-
ics of hydrocarbon oxidation. A capacitor connected in
parallel with the oscilloscope input was used asan inte-
grating element. The integration time constant T = CR,
= 2.5 swas determined by the capacitor’s capacitance
C and the oscilloscope internal resistance R,. Since the
photomultiplier is a current source, Ohm’s law for the
measuring circuit has the form

£+d_q =
R, dt

Therefore, we have

(10)

du _
U+t = Rd, (11)
where U is the voltage at the oscilloscope, q is the
capacitor charge, and J is the photomultiplier current.

The characteristic duration of the discharge emis-
sion is much shorter than the integration time; hence,
we may assume that, during a discharge, the capacitor
only accumulates an electric charge and, between
pulses, it discharges through the oscilloscope. The life-
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time of the states under study (<10 us) is much shorter
than the time interval between pulses, 1/f = 25 ms.
Therefore, the residual current of the preceding pulses
can be ignored and the pulse current can be written as
|AkN6 0 6tD
—eXpE—,
T, PO

J(dt) = (12)

where | isthe emission intensity at a given wavelength
A, A = A()) is the sensitivity of the monochromator—
photomultiplier optical system, N, is the density of
unexcited molecules from which the emitting state is

produced, kisthetime-integrated excitation constant of
the emitting state, T, is the radiative time of the transi-

tion, rff " is the effective lifetime of the emitti ng state,

and ot isthetime counted from the last pulse. The effec-
tive lifetime of the emitting state accounts for the radi-
ative and collisional deexcitation:

eff 1

T | = M )

Ut + Nozoukiq

(13)

where M is the number of stable components in the

mixture, a; is the fraction of the ith component, k' is
the constant for the deexcitation by the ith component,
and N, isthetotal density of the molecules of the stable
components.

For a slowly reacting mixture (i.e., for a mixture
whose compasition changes over a time that is much
longer than the integration time), the excitation rate k

and the effective lifetime rf”f " of the emitti ng state vary
only slightly from pulse to pulse.

The initial voltage at the capacitor is equal to the
final voltage produced by the previous pulse; therefore,
Eq. (11) should be solved over the (n + 1)th time inter-
val with theinitial condition U,,, ,(0) = U (n/f):

du,., AR KN,
T

dt T,

where 1, is the characteristic time over which the pho-
tomultiplier signal reaches its steady-state value. If the
characteristic time during which the mixture composi-
tion changes is longer than t,, then the solution to
Eq. (14) is a dlowly varying function [W[{t), which is
superimposed by oscillations with a frequency f and
amplitude dU(t):

ARGK()N(t) f

1+ T|Noz a; (k!

U= \ (15)

g

U=y

(16)
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Table 2. Spectral transitions monitored in all of the mixtures
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A, nm oA, nm Measured band Background band system
518.6 2.8 Angstrom band of CO, -
CO (B, v'=0— Alll, v"'=2)
430 3 CH (A%A, v'=0 — XM, v"=0) | CO, (A2 —= X21),
the first negative and second positive systems
of nitrogen
307.8 34 OH (A%, v'=0—= XN, v"=0) | CO, (A2 —» X21),
the second positive system of nitrogen
290 2.8 CO, (B —= X2, dv = 0)* OH(A%Z — X°N)

Note: 1. Thegroup of transitions accompanied by achangein the vibrational quantum number by the samevalue of nisdenoted asdv =n.

Table 3. Spectral transitions monitored in mixtures with air

A, nm OA, NmM M easured band system Background band system
258.2 37 y-system of NO, -
NO (A%5 — X211, 3v = 3)
490 37 N, (CN,v'=1— B3, v"'=7) CO, (A2 — X2)
669.6 37 N, (B3N, v'=6 — A33, v"=23) CO, (A2 — X2)
469.2 33 N, (B2, v'=0 —= X5, v"=2) CO, (A2 — X2N)

Each discharge is accompanied by a burst in the emis-
sion signal, which relaxes over a characteristic time t,,.
The signals from successive pulses are accumulated to
form the integral signal.

Hence, the measured integral optical characteristics
provide information about the composition of the react-
ing mixture. In our case, ft, = 100 and the amplitude of
oscillations was nearly 3% of the signal amplitude. In
processing the signal from the oscilloscope, it was aver-
aged over the discharge repetition period; this allowed
usto eliminate these oscillations.

The emission intensity was monitored for a number
of transitions; in this case, some bands may be partialy
overlapped. Table 2 lists the transitions that were mon-
itoredin all of the mixtures under study. Table 3 liststhe
transitionsthat were additionally monitored in mixtures
of hydrocarbons with air. We note that the emission
intensity for the transitions given in Table 3 is so high
that the emission from the background bands can be
ignored.

To identify the emission from substantialy over-
lapped bands, we performed time-resolved measure-
ments of the emission intensities at given wavelengths
near the instant at which the discharge was switched on
and after the complete oxidation of hydrocarbons
(when the photomultiplier signal had already reached
its steady-state value). The time-resolved measure-

PLASMA PHYSICS REPORTS  Vol. 30
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ments al so allowed usto cal cul ate the deexcitation con-
stantsin the initial and reacted mixtures. Taking deex-
citation into account made it possible to find the popu-
lations of the statesin a discharge.

3.3. Absorption Spectroscopy: Measurements
of the Methane Concentration

The methane concentration was measured by the
laser absorption technique. Radiation of an LGN-118
He-Nelaser (A = 3.3922 um), whose wavel ength coin-
cides with that of the vibrational—vibrational transition
of an asymmetric vibrational mode of the CH, group,
was passed through the discharge cell perpendicularly
to its axis and fell onto a Pb—Se photoresistor with the
spectral sensitivity range of 2—4 um. During the filling
of the cell with a mixture, the signal from the pressure
gauge and the photomultiplier signal were fed to the
oscilloscope. From the known composition of the mix-
ture and from the measured dependence of the signal
amplitude on the pressure 1(p), we found the depen-
dence I([CH,]), which was then used as a calibration
curvein processing the experimental data. The concen-
trations of hydrocarbons in other mixtures were not
measured because of their small absorption coefficient
at awavelength of 3.3922 um.
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Fig. 3. Electrodynamic characteristics of the discharge during thefirst high-voltage pulse at pressures of 1.51, 6.05, and 18 torr. The
distributions of the electric potential in the cross sections x = 0.0, 3.6, 7.2, 10.8, 14.4, and 18 cm are presented. The distribution of
the reduced electric field E(t)/p, the current J(t), and the specific power deposition W(t) are averaged over the spatial intervals 0.0—
3.6, 3.6-7.2, 7.2-10.8, 10.8-14.4, and 14.4-18.0 cm. The arrows show the numbering order of the curves when passing from the
first to the sixth cross section for the voltage and from the first to the fifth interval for the other quantities. The mixture is the oxi-

dation products of CH, in a methane—air stoichiometric mixture.

4. RESULTS AND DISCUSSION
4.1. Electrodynamic Characteristics of a Discharge

Figure 3 shows the waveforms of the potential, elec-
tric field strength, current, and specific power deposi-
tion in different cross sections of a discharge cell filled
with a methane—air mixture. The measurements were
performed with the capacitive gauge and the current
shunt. In order to give an idea of the electrodynamic
characteristics of a discharge at higher pressures, the

results of measurements at apressure of 18 torr are al'so
presented in the figure.

Let usconsider the effect of the capacitance and induc-
tance of the discharge cdll. It follows from Eq. (1) that
_ov_,9d

ox ot
Taking the inductance into account is necessary at low
electric fieldsand fast variationsin the current. It can be
seen from Fig. 3 that low electric fields at fast current

E =
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variations occur at the trailing edge of the high-voltage
pulse. In Fig. 3 at a pressure of 6.05 torr, this corre-
sponds to t > 25 ns. Thus, at t = 25 ns, the current
growth rateis 20 A/ns, and the inductive addition to the
electric field is 60 V/cm (or 10 V/(cm torr)), which is
comparabletothefield strength itself. At the sametime,
the power deposited inthegap at t > 25 nsisrather low.
In this figure, we also clearly see the influence of the
capacitance of the discharge cell at t < 10 ns. The prop-
agation of theionization waveis caused by the charging
of the capacitance of the discharge cell; as aresult, the
current decreases as the wave propagates from the high-
voltage to the low-voltage el ectrode. In | ater stages, the
influence of the capacitance isinsignificant.

On the whole, the electrodynamical picture of adis-
chargein arelatively short discharge cell isfairly intri-
cate and differs substantially from that in long tubes
whose length exceeds the diameter by one order of
magnitude or more[18]. In our experiments, thetypical
propagation velocity of the ionization wave was 2—
3 cm/ns and the typical propagation time along the dis-
charge cell was 7-15 ns, which was shorter than the
pulse duration. As a result, a short-circuit regime took
place under our conditions (note that such aregime was
not observed in [18]). In this regime, the electric field
strength and the current were constant along the dis-
charge chamber and varied relatively slowly with time.
For example, at a pressure of p = 6.05 torr, this phase
beganatt=10ns.

At apressure of 0.76 torr, one can easily distinguish
a low-current precursor—an ionization wave develop-
ing against the background of a large cathode voltage
drop (see Fig. 4, t < 8 ns). The development of the pre-
cursor and the main ionization wave was studied in
detail in[18, 19], where it was shown that the precursor
appeared in the initial phase of the discharge. The
devel opment of the precursor is primarily caused by the
polarization current near the cathode at arelatively low
emission current. The increase in the electric field
strength near the cathode leadsto asharp increasein the
emission current. This, in turn, gives rise to the main
ionization wave that propagates through the preionized
gas at avelocity several times higher than the precursor
velocity. After the main ionization wave runs down the
precursor and merges with it, the wave velocity
decreases to a value that is higher than the precursor
velocity but islower than theinitial velocity of the main
ionization wave. The start of the main ionization wave
resultsin aneutralization of the positive charge near the
cathode; as a result, the cathode voltage drop sharply
decreases (in [18], the cathode voltage drop after the
start of the main wave was below the level determined
by the experimental errors).

In our experiments, two distinctive features were
observed at a pressure of 0.76 torr: (i) the precursor had
time to arrive at the anode before the start of the main
wave, and (ii) the cathode voltage drop remained sub-
stantia throughout the entire discharge phase. The first
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Fig. 4. Distribution of the electric potential during the first
high-voltage pulse at a pressure of 0.76 torr in the cross sec-
tions x = (1) 0.0, (2) 3.6, (3) 7.2, (4) 10.8, (5) 14.4, and
(6) 18 cm. The mixture is the oxidation products of CH,4 in
amethane—air stoichiometric mixture.

featureisexplained by the fact that the length of thedis-
charge tube in our study was three times shorter than
that in [18] ((20 and 60 cm, respectively). For this rea-
son, at nearly the same delay time of the main wave and
nearly the same propagation velocity of the precursor,
the latter had time to reach the anode. In this case, the
main wave propagated through a preionized gas with a
velocity on the order 10'° cm/s and, as aresult, crossed
the discharge gap over nearly 2 ns. The second feature
isaso explained by the difference in the dimensions of
the discharge tubes: in our experiments, the tube length
was shorter and, moreover, the tube diameter was afac-
tor of 2.5 larger than in [18]. At nearly the same elec-
tron density, the resistance of the discharge gap (with
the exception of the cathode sheath) in our case was
twenty times lower than in [18]. Asaresult, the voltage
drop across the cathode sheath was much higher.

At low pressures (p < 4 torr), the ionization wave
devel ops and bridges the gap against the background of
the large cathode voltage drop. It should be noted that,
inthis case, the cathode voltage drop is much larger and
the electric field strength in the cathode sheath is much
higher (by several orders of magnitude) than those
shown in the figures, because the FWHM of the sensi-
tivity function of the capacitive gaugeis on the order of
the screen diameter [18].

The cathode sheath thickness can be estimated using
the theory of aglow discharge. Under our experimental
conditions, the parameters of the cathode sheath corre-
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Fig. 5. Energy deposited in a discharge during the first two
high-voltage pulses in a processed methane—air mixture as
afunction of theinitial pressurein the mixture.

spond to the case of an abnorma glow discharge
because thetypical current density isfrom several units
to several tens of A/cm?, which is higher than the nor-
mal current density by three to four orders of magni-
tude. It follows from this (see [20]) that the reduced
cathode sheath thicknessis pd = (pd),,/e, where d isthe
cathode sheath thickness, (pd), is the normal reduced
cathode sheath thickness, and e is the base of natural
logarithms. For an aluminum cathode in air, we have
(pd), =0.25 torr cm [20]; hence, we obtain pd =
0.09 torr cm. At apressure of p = 0.76 torr, we haved =
1.2 mm, whereas at apressure of p = 9.83 torr, we have
d= 100 pm.

Let us consider the results obtained at a pressure of
p = 1.51 torr in more detail. In this case, the cathode
sheath thickness is d = 0.6 mm. It can be seen from
Fig. 3 that, at intermediate pressures (p = 6.05 torr),
starting fromt = 10 ns, aquasi-steady distribution of the
electric field is established in the discharge gap. It fol-
lows from shunt measurements that, at this time, the
voltage across the entire discharge gap is about 20 kV
(see Fig. 2). The voltage drop across the discharge gap
with the exception of the cathode sheath isabout 10 kV
(it can be seen from Fig. 3 that, at a distance of 3.6 cm
from the cathode, the el ectric potentia is—8 kV, and the
electric field strength in the discharge gap is
~600 V/cm). Hence, the electric field strength in the
cathode sheath is about (20000 — 10000)/0.06 V/cm =
1.7 x 10° V/cm. Such an electric field is sufficient for
the vacuum breakdown of an aluminum cathode trained
with pulsed discharges [21]. Over the subsequent 3 ns,
the potentia drop across the bulk of the discharge gap
decreases to ~2 kV because of ionization. Over this
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timeinterval, the potential of the high-voltage electrode
varies only dightly (decreases to 19 kV). As a result,
the electric field in the cathode sheath increasesto 2.8 x
10° V/icm and the field-emission current increases
manyfold. This leads to the field-emission breakdown
of the cathode sheath and the formation of a rebreak-
down wave propagating with avelocity on the order of
the speed of light. The rebreakdown wave redistributes
the potential between the cathode sheath and the
remaining part of the discharge gap. It can be seen from
Fig. 4 that, at a pressure of 0.76 torr, two rebreakdown
waves are generated at t = 20 and 27 ns. In the pressure
range p = 1.51-3.02 torr, only one breakdown of the
cathode sheath occurs during the high-voltage pulse. At
higher voltages, no breakdowns of the cathode sheath
are observed (Fig. 3).

The above considerations allow us to conclude that,
at pressures below 3—4 torr, a substantial fraction of
energy is deposited in the thin cathode sheath. More-
over, at low pressures, a substantial fraction of energy
is deposited during the propagation of the ionization
wave. However, even at a pressure of 3.02 torr, most of
the energy is deposited in the discharge after bridging
the gap. Inthis case, the energy deposited in the cathode
sheath and that deposited in the gas during the propaga-
tion of theionization wave comprise asmall fraction of
the total discharge energy. At pressures of 10 torr, the
energy deposited after bridging the gap decreases with
increasing pressure; however, even at a pressure of
18 torr, this energy is larger than that deposited during
the propagation of the ionization wave.

As was shown above, afraction of the high-voltage
pulseis reflected from the discharge cell, returnsto the
generator, is reflected from it, and then comes again to
the discharge cell. Under the action of such repeated
pulses, the breakdown of the discharge gap occurs
without the formation of an ionization wave. The cath-
ode voltage drop in the second pulse is substantially
lower (at pressures of higher than 0.76 torr, the cathode
voltage drop was bel ow the measurement error); there-
fore, the energy is deposited over the discharge cell
more uniformly.

Figure 5 shows the ratios of the energies deposited
during the first and second incident pulsesto the energy
of the first incident pulse as a function of the gas pres-
sure. It can be seen that, at a pressure of 0.76 torr, the
energy deposited during the second pulseislarger than
that deposited during the first pulse. As the pressure
increases, the energy deposited during the first pulse
increases and reaches its maximum at a pressure of
about 3.5 torr. The energy deposited during the second
pulse decreases monotonicaly up to a pressure of
3.5 torr and then remains nearly constant. The energy
fraction deposited during the third and subsequent
pulses does not exceed 2%. Note that, at low pressures,
the nonuniformity of energy deposition is partially
compensated for by the relatively large energy depos-
ited during the second pulse.
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Fig. 6. Total energy deposited in a discharge during the first two high-voltage pulses as a function of theinitial pressure (a) in the
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Hence, over the pressure range under study (0.76—
10.06 torr), most of the energy is deposited inthegasin
the stage of bridging during either thefirst or the second
high-voltage pulse. The nonuniformity of energy depo-
sition caused by the presence of the cathode sheath can
be ignored. In view of this, we could measure the elec-
tric field, the current, and the specific power deposition
by using the current shunt only; thisis very important
in studying chemically reacting mixtures because, in
such mixtures, changes in the chemical composition
cause variations in the electrodynamic characteristics
of a discharge. Measurements performed in processed
mixtures of hydrocarbons (from ethane to hexane) with
oxygen and air gave results similar to those described
above.

Figure 6 shows the efficiency of energy deposition
as afunction of the gas pressure for all of the mixtures
under study at the beginning of the oxidation process
and after its completion. The total energy of the high-
voltage pulse was 60 mJ. It can be seen from the figure
that, at the beginning of the oxidation process, the
energy deposited in mixtures with oxygen at pressures
of p > 3 torr islarger than the energy deposited in mix-
tures with air. This difference increases with pressure
and reaches 12% at p = 10.06 torr. In processed mix-
tures, the efficiency of energy deposition is almost the
same for al of the mixtures under study; the presence
or absence of nitrogen has little effect on the deposited
energy. We note only that, in a methane—oxygen mix-
ture, the deposited energy is somewhat larger than in
other hydrocarbon—oxygen mixtures.
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4.2. Kinetics of the Oxidation of Hydrocarbons
in a Discharge

Figure 7 shows the emission spectrum of a dis-
charge in pure methane and the afterglow spectrum of a
processed methane-oxygen mixture. The emission
spectrum of a discharge in pure methane consists
mainly of the hydrogen continuum corresponding to
the H (@l — b’Y) transition. The CH(A’A — X2M)
band correspondingtothev'=0 — v" = 0 transition
isalso clearly seen.

Most bands in the processed methane—oxygen mix-
ture belong to the CO, (A1) molecules. The emission
bands of the OH(A’Z — X2M) hydroxyl radical and
the weak CO bands of the Angstrom system,
CO(B'Z — A'l)), can also be clearly identified. It can
be seen that the CH(A2A — X2M) band in methane
(Fig. 7a) is substantially overlapped by the
CO, (AN — X2) band in the mixture (Fig. 7b).
Therefore, to identify the spectral bands, it is necessary
to take specia measures in order to separate these
bands in the early stage of processing the methane—
oxygen mixture. The OH(A’Z — X2I1) emission band

isalso overlapped by the emission spectrum of CO; . In
hydrocarbon—air mixtures, numerous bands of the first
negative and the first and second positive systems of
nitrogen appear in the spectrum. These bands partially

overlap the emission bands of CH, COZ+, and OH. In
the Angstrom system of CO, at least one band at
518.6 nm is not overlapped by other bands. In all of the
spectra, we observed weak lines of the hydrogen
Balmer series. We did not measure the intensities of
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these lines systematically because they were too weak
and were present in both the initial and processed mix-
tures.

Intensity, arb. units

As was noted above, when the bands overlapped in
anarrow spectral interval, they could beidentified from
measurements with a nanosecond time resolution. As
an example, Fig. 8 shows the waveforms of the emis-
sion intensity at a wavelength of 430 nm in the initia
and final stages of the mixture processing. Two excita-
tion peaks corresponding to two high-voltage pulsesare
clearly seen. The decrease in the emission intensity in
each pulse can be approximated with good accuracy by
the sum of two exponential functions with different
characteristic decay times. It iswell known that thelife-
time of the CO, (A1) state (T = 124 ns, [22]) is several
times shorter than that of the CH(A?A) state (1 = 600 ns,
[23]). In this case, the exponential function with a
longer decay time corresponds to the emission from the
CH(A?A) state, whereas the one with a shorter decay
time corresponds to the emission from the CO, (B%%)
state. It can also be seen that the intensity of the emis-
sion corresponding to the CH(A?A — X2[) transition
decreases severalfold in the course of oxidation. In con-
trast, the intensity of the emission corresponding to the

COS (AN — X?M) transition increases severalfold.

Fig. 8. Waveforms of the emission intensity at awavelength
of A =430 nmintheinitial CH4 + O, mixtureand in the pro-

cessed mixture. The initial pressure in the mixture is
3.78 torr. The closed circles correspond to the CH(A) +

co; (B) reagents, and the open circles correspond to the
co; (B) products.
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The lifetime and the deexcitation constant for the “ fast”

emission are the same as for the emission of CO, at a
wavelength of 290 nm. For this reason, the time depen-
dence of the emission intensity of CH(A’A — X2I)
can be obtained by subtracting the normalized wave-
form of the emission intensity at a wavelength of
290 nm from the waveform of the total emission inten-
sity at awavelength of 430 nm. The normalizing factor
was chosen such that the time-resolved signa of the
290-nm emission coincided with the “fast” signal at a
wavelength of 430 nm.

With time-resolved measurements, the wavelength
interval for measuring the emission of the OH(A%Z)
radical could be chosen such that the background dueto
the second positive system of nitrogen and due to the
band of the CO, ions could be ignored. The
OH(A’2Z — XM) emission corresponding to transi-
tionsfromthe v' = 1-3 vibrationally excited states was
negligibly small against the background of the emission
of the CO, ions at awavelength of 290 nm.

The above bands were observed in al of the mix-
tures under study and served as indicators of the oxida-
tion process under the action of a discharge.

Using the results from time-resol ved measurements
of the lifetimes and deexcitation constants of the
excited states (this technique was described in detail in
[24]), we determined the time-integrated (over the
pulse duration) excitation rates of the emitting states. It
should be noted that the deexcitation constants for the
CO(B'Z), CH(A?A), and OH(AY) statesin the reagents
are lower by 30-50% than those in the products (which
is explained by the appearance of water). This means
that, in order to determine variations in the density of
the excited molecules in the course of oxidation, the
measured waveforms of the emission intensity must be
corrected with allowance for the deexcitation constants.
Note that the constants for the deexcitation of the CO
CO, (B?Z), CO; (AX), and N, (B%S) states by the
reagents and by the products are amost the same.

In hydrocarbon—air mixtures, we determined the
time-integrated (over the pulse duration) population
rates of the upper states by using the data from time-
resolved measurements of the emission from the
N,(CM,v'=1—BMN,v"=7),N, BN, v'=6 —
AT, v =3),and N, (B, v' =0 —= X235, v" =2)
transitions near the instant at which the discharge was
switched on and after the compl ete oxidation of hydro-
carbons. It was found that, in both cases, the excitation
rates for the states of molecular nitrogen differed by no
more than 10%. The excitation rate for the Ng (B%Z,
v'=0) state decreased by nearly 25% in the course of
oxidation. In [24], it was found that, in a similar nano-
second discharge, the main mechanism for the popula-

tion of the N,(C3M) and N, (B?Z) states was the elec-

tron-impact excitation of molecular nitrogen. Since the
nitrogen concentration in a discharge varies only
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dightly, the time-integrated (over the pulse duration)
rate constants for the population of the N,(C3I, v'=1)

and N; (B2Z, v' = 0) states vary by 10% and 25%,
respectively. Note also that the N,(C3M, v' = 1) and
N, (B2, v' = 0) states are populated during the dis-
charge, whereas the N,(BI, v' = 6) state is mainly
populated in the discharge afterglow and its population
rate correlates well with the emission from the
N,(CM, v'=1 — B, v" = 7) transition. It fol-
lows from this that the N,(B[1, v' = 6) state is mainly
populated via the deexcitation of the N,(C3) state.

The threshold energiesfor the el ectron-impact exci-
tation of the N,(C3M, v' = 1) and N, (B2, v' = 0)
statesare ~11 and 19 eV, respectively. Since the thresh-
old excitation energiesfor all of the states under consid-
eration do not exceed 19 eV, we can assume that, when
we pass from the products to the reagents, the excita-
tion rate constants averaged over the high-voltage pulse
vary by no more than 25% for all of the states under
study. In addition, the lower the threshold excitation
energy for a given state, the smaller the difference
between the excitation constants.

Thus, the change in the mixture composition in the
course of oxidation and the accompanying variations
in the deexcitation and excitation rate constants|ead to
variations of no more than 50% in the time-integrated
(over the pulse duration) emission intensity from any
of thetransitions under consideration. Therefore, from
measurements of the time-integrated emission, we can
only obtain a qualitative time dependence of the
concentrations of the components from which the
excited states are produced. At the same time, this has
little effect on the characteristic oxidation time deter-
mined from the time-integrated emission from the
CO(B'E —~ All), CO, (B*= —» X2I1), OH(A’S —~
X2M), and CH(A2A — X2M) transitions.

The time dependences of the integral emission
intensity in methane-containing mixtures are well
approximated by the function exp(-t/t(p)) or our func-
tion 1 —exp(-t/t(p)) (seeFig. 9). Notethat, in our exper-
iment, we observed the compl ete oxidation of methane,
as is seen from the curve [CH,](t) obtained from the
absorption measurements of the IR radiation of the He—
Ne laser. Figure 9 aso shows the time behavior of the
time-integrated emission of the CH(A’A — X°I1) rad-
icals. It can be seen that, from the very beginning of the
discharge, the time behavior of the emission intensity
from the CH(A’A —~ X2I) transition coincides (to
within the measurement accuracy) with that of the
methane concentration. For this reason, the emission
from the CH(A’A — X[) transition can be consid-
ered areliable indicator of the hydrocarbon concentra-
tion in adischarge.

In mixtures of hydrocarbons that are heavier than
methane, the time dependences of the emission inten-
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sity are more complicated. This can be explained by the
fact that alarge amount of the intermediate components
(probably of unsaturated hydrocarbons and CO) is
accumulated in the initial phase of oxidation and during
the subsequent oxidation of these components. Figure 10
shows an exampl e of thetime behavior of thetime-inte-
grated emission from adischargein ethane at a pressure
of 7.54 torr. It can be seen that the curves obtained for
different emitting states differ substantially from one
another.
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Figure 11 shows the times of complete oxidation
that were determined from different emission bands for
mixtures of hydrocarbons (beginning from ethane) with
oxygen. Thetime of complete oxidation was defined as
the time over which the emission signals at wave-
lengths of 290 and 307.8 nm (which correspond to the

CO, (B’ —» X2) and OH(A2E — X2M) transi-
tions) reached alevel of 0.951,, and the emission signals
at wavelengths of 430 and 518.6 nm (which correspond
to the CH(A’A — X2M) and CO(B'Z —~ A'l) transi-

Table 4. Times of complete oxidation of hydrocarbonst,,, determined from the CO (B~ —» A!M) emission band, as func-

tions of the initial pressurein the mixture

Pressure, torr 076 | 151|227 [ 302|378 454|529 605|680 756|832 9.07 | 9.83[10.06
Tow S(CH, + O,) 17 | 43 | 63 | 69 | 74 | 84 | 97 | 125 | 149 [ 131 | 172 | 175 | 320 | 204
Tow S (CHg + O) 28 | 27 | 24 | 26 | 30 | 36 | 44 | 51| 61| 67| 80| 87 | 110 | 131
Tow S (CaHg + O) 25 | 25 | 24 | 26 | 30 | 39 | 44 | 50| 58| 69| 81| 93| 114 | 135
Tow S (CaHig + O) 26 | 25 | 24 | 26 | 20 | 38 | 42 | 46| 54| 69| 87| 100 | 121 | 144
Tow S (CsHyp + O) 18 | 24 | 26 | 25 | 31 | 38 | 47 | 53| 63| 71| 90| 104 | 118 | 143
Tow S (CeHag + Op) 23 | 27 | 24 | 25| 34 | 38 | 51 | 53| 73| 69| 81| 88 | 109 | 130
Tow S (CH, + air) 26 | 18 | 19 | 24 | 22 | 20 | 33 | 34| 44| 46| 47| 56| 73| -
Tow S (CeHyp + air) 34 |16 | 14 | 14 | 16 | 18 | 19 | 20| 20| 25| 33| 34| 37| 45
Tow S (CeHyg + air) 45 | 13 | 17 | 17 | 17 | 14 | 20 | 22| 22| 22| 28| 27| 33| 35
PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004
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Fig. 11. Times of complete oxidation in hydrocarbon-oxygen mixtures, determined from the CH(A2A — X211), COB's —
Aln, COS (B?Z — X2M), and OH(A%Z — X’I1) emission bands, as functions of theinitial pressurein the mixture: (1) C,Hg : O,
(2) C3H8 . 02, (3) C4H10 . 02, (4) C5H12 . 02, and (5) C6Hl4: 02.

tions) reached a level of 1.051,. We note that the char- Time, s
acteristic times that were determined for the same mix- 300+
ture from different emission bands differed markedly
because the deexcitation and excitation of the products
and reagents influence the emission from different 150
components in different ways. However, the times
determined from the same emission bands in different 100
mixtures of hydrocarbons (beginning from ethane) with 80
oxygen coincide well with one another. The scatter in 60t
the oxidation time was minimal when it was deter- S0k
mined from the CO(B'S —~ A!T) emission band. 40r
Therefore, the time determined from this emission band 30r
was assumed to be the time of complete oxidation.
Figure 12 and Table 4 show the times of complete 15t
oxidation of hydrocarbonsin all of the mixtures under
study. It can be seen that the oxidation time of methane 100 i 4'1 é é 1'0 1'2
isaways nearly twice aslong as the oxidation times of Pressure, torr

other hydrocarbons both in mixtures with oxygen and
in mixtures with air. For other hydrocarbons, the times
coincide to within the experimental error. In hydrocar-

Fig. 12. Times of complete oxidation of hydrocarbons,

determined from the CO(B'S — A!N) emission band, as
functions of the initial pressure for different mixtures (see

bon—air mixtures, the characteristic oxidation time of Tables 1 and 4): (1) CH, + O,, (2) Stoichiometric mixtures
hydrocarbons, including methane, is a factor of 2to 3 of hydrocarbons (from ethane to hexane) with oxygen,
shorter than that in mixtures with oxygen. Taking into (3) CH, : air, and (4) stoichiometric mixtures of pentane
account that the total amount of hydrocarbons in their and hexane with air.
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mixtures with air is smaller at the same initial pres-
sures, we can conclude that the oxidation rate in mix-
tures with air is almost half that in mixtures with oxy-
gen.

Thus, mixtures of alkanes with oxygen or air a room
temperature are completely oxidized under the action of
pulsed discharges. The oxidation rate of al of the hydro-
carbons under study (beginning from ethane) in their sto-
ichiometric mixtures with oxygen or air is amost the
same for dl the hydrocarbons. Methane oxidizes at half
the speed of any other hydrocarbon under consideration.

5. CONCLUSIONS

The kinetics of the slow oxidation of alkanes (from
CH, to C,H,,) in their stoichiometric mixtures with
oxygen or air under the action of a repetitive FIW dis-
charge was studied experimentally.

The development of a repetitive nanosecond dis-
charge in a screened gap of moderate length has been
described qualitatively. The uniformity of energy depo-
sition in the discharge gap was studied experimentally.
It was shown that, at a total pressure in the mixture
below 3 torr, the discharge devel ops at the background
of alarge cathode voltage drop, which resultsin a non-
uniform energy deposition. At pressures of p > 3 torr,
most of the energy is deposited during the short-circuit
stage of the discharge, when the cathode voltage dropis
insignificant and the field strength is constant over the
entire discharge gap; as a result, the energy deposition
turns out to be fairly uniform.

It was shown that hydrocarbons are compl etely oxi-
dized under the action of a nanosecond discharge at
room temperature. For hydrocarbons heavier than
methane, the times of complete oxidation are found to
be the same at the same deposited energy and the same
initial pressure in a stoichiometric mixture. Methane
oxidizes at nearly half the speed of other hydrocarbons.
The oxidation efficiency of hydrocarbons in their sto-
ichiometric mixtures with oxygen is nearly twice as
high asthat in their mixtures with air.
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Abstract—The plasma density distribution in a two-dimensional nonuniform positive column of a low-pres-
sure gas dischargeis studied in the hydrodynamic approximation with allowance for ion inertia. Exact solutions
are derived for dischargesin arectangular and acylindrical chamber. Asymptotic solutions near the coordinate
origin and near the critical surface are considered. It is shown that, for potential plasmaflows, the flow velocity
component normal to the plasmaboundary isequal to theion acoustic velocity. The results obtained can be used
to analyze the processes occurring in low-pressure plasmochemical reactors. © 2004 MAIK “ Nauka/ I nter peri-

odica” .

1. INTRODUCTION

Plasma sources operating at low pressures of
plasma-producing gases have recently come into gen-
eral use in aerospace engineering and microelectronics
technologies. In such applications, the ion mean free
path can be either longer or shorter than the character-
istic dimensions of the system. In existing kinetic [1-5]
and hydrodynamic [2, 6, 7] models of the positive col-
umn of a gas discharge, the plasma is assumed to be
inhomogeneous in only one direction. However, in
actual technological plasma sources in which the
plasma flow to the wall should be uniform in order to
ensure aconstant rate of chemical processing, thetrans-
verse and longitudinal plasma dimensions are of the
same order of magnitude. However, to the best of our
knowledge, no attempts have been made to solve the
relevant problem for a system in which the ion mean
free path exceeds the plasma dimensions.

Moreover, in hydrodynamics, the problem of formu-
lating the boundary conditions for a gas-discharge
plasmaremains unresolved. In the quasineutral approx-
imation (i.e, when the Debye length is much less than
the characteristic dimensions of the system), Bohm's
criterion [8], which implies that the plasma flow veloc-
ity tothewall isequal to theion acoustic velocity, isfre-
guently used as a boundary condition for a one-dimen-
siona plasmaflow. A comprehensive review of the lit-
erature devoted to the analysis of the applicability
conditions and formulation of Bohm'’s criterion in the
hydrodynamic and kinetic approximations was given
by Riemann [9]. In atwo-dimensional plasma flow, the
ion velocity can be directed at any angle to the bound-
ary. It can be expected that, in most problems, the con-
ditions for the sheath formation should be analogous to
those for the generation of an oblique shock wave at
low Mach numbers in hydrodynamics; i.e., the ion
velocity component normal to the boundary should be

equal to the local speed of sound [10-12]. In actuality,
however, the problem is more complicated because, in
adivergent nozzle, the shock wave either can beformed
at flow vel ocities above the speed of sound or cannot be
formed at all (aLaval nozzle). Therefore, this question
also requires additional investigations.

2. FORMULATION OF THE PROBLEM

In this study, we will obtain a number of possible
spatial distributions of the plasma density in the hydro-
dynamic approximation. Although theionsin the long-
mean-free-path regime (which will be considered as a
limiting one) should be described by akinetic equation,
it can be expected that the hydrodynamic approach will
provide a qualitatively correct solution to the problem
and a physically meaningful boundary condition. It can
also be anticipated that the algorithm for constructing a
hydrodynamic solution will serve as the basis to con-
struct two-dimensional solutions to the ion kinetic
equation. We denote the boundary surface of the plasma
by Sand start with the one-fluid hydrodynamic equa-
tions

N, Hqnv) = nv,, 1)
ot
ov _ D,
Worvmy = -viyv. @)

Here, n is the plasma density (the positive column is
assumed to be quasineutral), V = (u, v) isthe hydrody-
namic velocity of the plasma flow (where u and v are
the x and y components of the velocity, respectively),

Vs=./TJ/M istheion acoustic speed, the electron tem-
perature T, is expressed in energy units and is assumed

to be constant, M is the mass of an ion, v, isthe ion—
neutral collision frequency, and v; is the ionization fre-

1063-780X/04/3012-1043%$26.00 © 2004 MAIK “Nauka/ Interperiodica’



1044

guency. The ions are assumed to recombine at the crit-
ical surface S at which the one-to-one correspondence
between coordinates and velocities breaks down.

We will solve the problem about the plasma flow in
the same manner asin the standard hydrodynamics[10,
11], restricting the study to the class of steady-state
two-dimensional potential flows.! It should be noted
that Thomson's theorem fails to hold for our problem.
Carrying out the same manipulations as in [12], we
obtain the equations

(—?-t_fv Ml = _vinJ'J'(D x V) S,

aﬁt(g x \V)=0 x (V x (O xV)) = —v, (0% V).

We thus see that, because of plasma friction with neu-
tral particles (the neutral gas is assumed to be immo-
bile), the vorticity decreases with time. An important
point for our analysisis that, if the flow is potential at
any time, then it will continue to remain potential.

The flow is assumed to be either planar (1 = 0) or
axisymmetric (L = 1; inthis case, the coordinate y isthe
distance from the axis) and also symmetric about the
coordinate origin. The electron density at the origin is
maximum, and theion velocity at the originis assumed
to be zerg. Under these assumptions, Egs. (1) and (2)
reduce to?

v,—u, = 0, (3)
(U= VU +uv (v, +uy) + (Vi =Vg)v,

= 5V§v—vivg—vm(u2+ vz). @
We introduce the velocity potential V = [ to write
Eq. (4) as

(U =V b+ 2uvdyy + (VI -V3)b,,

= §V§¢y—viV§—vm(¢i+¢§).

In terms of the velocity potential, the plasma density
can easily be calculated from the equation

D(Ep ) VSDInn Vi [P .

Taking into account the fact that the velocity potential
at the coordinate origin is zero and integrating this
equation along the current lines yields

Nl
n = npexp (@) _Ving &)
O 2v:i V3O

1 We do not address here the problem of the flow stability.
2Here and below, the partial derivative of the function a with
respect to the variable b is denoted by a,, as is usually donein
hydrodynamics.

BERLIN et al.

where n, is the electron density at the spatia point at
which the flow velocity is zero.

Applying the hodograph transformation [8, 9] to
Egs. (3) and (4), we obtain

Xy =Y = 01 (6)

(U =Va)y, —uv(y,+x,) + (Vv =V3)Xx,

)

= V2V~ (U VD)~ vV Yy — XY -
oY 0

In contrast to the case of classical hydrodynamics
(without alowance for chemical processes), Eq. (7) is
nonlinear not only for axisymmetric but also for planar
flows. The boundary surface of atwo-dimensional flow
is a surface at which the one-to-one correspondence
between coordinates and velocities breaks down, i.e.,
where the Jacobian vanishes,

oxy) _
o(u, v)

Equations (6) and (7) can befurther smplified by intro-
ducing the Legendre potentials in such a way as to
make the final equation dimensionless:

= XYy =X Yy = 0. (8)

Vs, V
U=ulVs, V=VIVg x= fx = f¢u(u, V),
i i

9
Ve Ve ©)

= 3 = oy, v).

Asaresult, Eq. (7) takesthe form

(U2 =1)dyy —2UVDy, + (V2 = 1) Dy,

[ 0 (10)
= D—H—V— 1-q(U%+ Vz)g{ q)uuchv—chsz} ,
v

wherewe have introduced the notation { = v;,,/v;, which
will be used below.

Since the potential of the velocity field is related to
the Legendre potentials by the relationship
¢ =-P+XU+YV = -P+UD,;+VD,, (1)

the plasma density can be calculated from the formula

U+V

n = neexp- —{(UDy+VO, —OH. (12)

The position of the boundary isdetermined by the equa-
tion

CDUUCDVV_CDLZJV = 0. (13)

PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004
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It is sometimes more convenient to use the absolute
value of the velocity, W, and the angle 6 [12]:

G(De,

(14)

U =WocosB, V=Wsnb, X= CDWcose—

Y = ®,sn0 + 99?9%

In these variables, EQ. (10) reads

(1= W)(Pgo + WD) + WDy
(15)

= {1+ZW} % ww(W®y, + Dgg) — Bbwe E

The cylindrical coordinates R = JXZ+Y? and © are
given by the formulas

R = /by + dg/W,

cos6

E(D ne + —- GJEH (16)
© = arctan(] sme .

O - 0

DqJWcos(-) W — 4 o0

Theflow isexactly radial at the points at which ®g =0,
the angle between the flow velocity and the position
vector being © — 0 = arctan(®,/W®,,) . The boundary
condition has the form

(% Y)
a(W, 6)

CD 2
= Oy (WD, + Dgg) — B:Dwe—wqa = 0,(17)

and the plasmadensity is given by aformula analogous
to formula (12):

2

n= noexpD—Vl —Z(WCDW—GJ)E.

5 (18)

3. GENERAL PROPERTIES OF THE SOLUTIONS:
SOLUTION NEAR THE COORDINATE ORIGIN

Here, we consider a solution that is dlightly inhomo-
geneous in the azimuthal direction:

P = Py(W) +3D(W, 6), (19)
where the axisymmetric solution ®,(W) to Eq. (15) can
be calculated numerically or can be found in the form
of a series, (W) = Z::lAOnWZ”, and the nonaxi-
symmetric component of the solution is

SD(W)
” 20
= 54 B, (W)sin(me) + BZ(W)cos(me)} . 0
m=1
PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004
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In the vicinity of the coordinate origin, we can set
0P(W) < d(W). In this case, the egquation for dP(W)
takesthe form

(1= W?)(8Dgq + WD) + W B Dy, o
= {1+ IW3 [ qun(WB Dy, + 5 Dpgq) + WDy, 3 Dy

We seek the asymptotic expressions for each of the
termsin representation (20) in the form
B:/(W) = B,W". 22)

Substituting expressions (22) into Eq. (21) and taking
into account the fact that the solution @, to Eq. (15) is
independent of the azimuthal angle, we obtain the for-
mulafor the term with the minimum power a:
B,(1-2A,)(a’—m’) = 0. (23)

This formula yields the following asymptotic expres-
sion for nonaxisymmetric component (20) at r — O:

SD(W)

B ~ 24
= Z { BmoW™sin(m8) + BaoW™cos(m8)} . ©4)
=1

Since the divergence of the velocity field of the flow
described by expression (24) is zero, the flow does not
affect (in the linear approximation) the ionization bal-
ance and the distribution of the plasmadensity near the

coordinate origin. The constants B#o and Bfno can be
chosen arbitrarily (in what follows, we will assume that
they are prescribed). In fact, these constants should be
defined so that the boundary of the flow described by
Egs. (6) and (7) coincideswith the boundary of the cho-
sen discharge region (e.g., of arectangle); in this case,
they are Fourier coefficientsin the expansion of the cor-
responding functions in the azimuthal angle.

By virtue of representation (20) and expression (24),
the solution to Eq. (15) can be sought in the form

_ - 2n
o® = zAOHW
n=t (25)

cos(me)} .

00 00

+y zwm”k{ B sin(mo) + B

m=1k=0

The coefficients in representation (25) can be calcu-
lated by inserting it into Eq. (15) and collecting terms
with the same azimuthal modes and the same powers of
velocity. Since the resulting expressions are very
involved, we do not write them out here. Taking into
account the nonlinear coupling between the harmonics
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will change the expressions for the coefficients A, of
the main distribution.®

4. BEHAVIOR OF THE SOLUTION
NEAR THE CRITICAL SURFACE

Here, we examinethe generd propertiesof the solution
near the critical surface. We seek the solution in the form

®d(U,V) = d(Ugy+0U, Vg, + V)
= ®(Ug, Vg) + z Zam_k,kéUm_kév",

m=2k=0

(26)

where (Ug,, Vg) isapoint at the critical surface. Since
the coefficients a,, and a,, determine the position of the
point (Xg(Ug), Vg), Yo(Ug, Vg)) in the xy plane, they
can be set at zero; thisindicates that the coordinate ori-
ginistrandated to this point. Equation (13) for the criti-
cal surface impliesthat the relationship 4a,,a,, — afl =0

is satisfied. We choose the coordinate system in such a
way that the critical surfaceis crossed by moving only
in the x direction; in this case, we have a,, = a,; = 0.

We redtrict our analysis to polynomids of order less
than four, which provides afairly accurate description of
the flow near the critica surface. In this case, we have

X = (3a5,0U° + 2a,,0U8V + a,,8V?)
+ (48,00U° + 3a,,0U%8V + 2a,,0U8V>  (27)
+adVo) + .,

Y = 23,8V + (8,,0U° + 2a,,0U8V + 3a,0V°)
+ (a5, 0U° + 2a,,8U°3V + 33,,0U8V°

+ 43,8V + ...

The parametric formula for the coordinates of the
critical surface near the point (Ug, Vg) can be
obtained by expressing 8V as afunction of dU with the
help of Eqg. (13),

Gy ®yy - chZJV = 4{ 3ap,a3,0U + ap,a, 0V

(28)

2
+ (6ag,a40 + 33021, — A3y, )OU

+ (385,85, + 920803 — ap85,) OUOV 29)
+ (Ap8y, + 38y 85— a125112)5V2 +...}

= ApdU + Ay 8V + AdU” + A, 0UBV
+ AV + ... =0

3Analogous results can be obtained using Eq. (10) and a power
series expansion of the form
8] m
OUV) = T Y A UV
m=1k=0

BERLIN et al.

and by substituting it into relationships (27) and (28).
To second order in dU, we obtain 8V = -3a;,0U/a,, and,
accordingly,

X = 3(3ay,(sy/ay)° —ag)8U° + ...,
Y = —6ay,a5,0U/a,,
+ (@ —6agag/ay + 27303(330/321)2)6U2 T

Hence, at the point in question, the normal to the criti-
cal surfaceisdirected along the x axis.* Thefact that the
point (Ug, Vg,) isapoint of the critical surfaceimposes
limitations on the plasma flow velocity at this surface.
Substituting expansion (26) into Eqg. (10) and equating
the coefficients of the same powers of dU'dV', we arrive
at the following relationship for i =j = 0:

(1-U&)ag = 0. (30)

Thus, at aregular point (a,, # 0), the flow velocity com-
ponent that is normal to the wall and is equal to theion
acoustic velocity; in this case, the flow velocity compo-
nent paralldl to the boundary can be arbitrary. The coef-
ficient a,, determines the characteristic dimension of
the flow in they direction. Hence, we have generalized
the result obtained by Persson [7] for one-dimensional
plasmaflowsto the case of an arbitrarily shaped smooth
boundary of atwo-dimensional region. With allowance
for relationship (30), the coefficients in expansion (26)
satisfy the equations

3ag{ (V3 —1) + 2a,} —2a, Ve = —2ag,

5 (3D
an{ (Vs —1) + 285} —2a,Vg = 0,

Bau{ (Veo—1) + 280 — 33 Vo
= —agy—2a;, + 2a, Vg —6aga, + 2a§1,
3a5,{ (Voo — 1) + 2803 — 42, Vo
= —Bag + 28y + 2a,,Vg —6a5Vs, (32)
—18agyay3 + 28,185,
axf{ (Véo —1) +2a, —3aVy
= 2a,,—4a, Vg —6ayag+ Zafz.

The number of equations for the coefficients of the
same powers m= i + j of the terms of the series a;U'V!
isequal tom-2; i.e., two coefficients (in our case, these

4 Sincethe point (Ug), Vg)) isaregular point of the critical surface,
at least one of the coefficients a,; and as is nonzero. If a,; =0,
then we obtain dU = —a,;8V/3a3, and, accordingly,

X = (ay,—a5/3850)0V° + ...,

Y = 22,8V + (ay /985 — 28,8, /385, + 3a,5) BV + ..,
which yields an analogous result.
PLASMA PHYSICS REPORTS Val. 30
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areaymanda,y,_ ,) can be chosen arbitrarily. One of the
coefficients describes the shape of the critical surface,
and the other determines the characteristic spatial scale
onwhichtheflow parametersvary inthedirection away
from the boundary. The value of the second coefficient
isin fact determined by the position and shape of the
critical surface near the second boundary point in the
given cross section of the plasma column. In particular,
for the above expansion in polynomials of order less
than four, we can specify the coefficients Vg, ay,, 8,2,
ay;, 4,3, and a,, independently. We now proceed to the
construction of distributionsthat areimportant for prac-
tical applications.

5. DISCHARGE IN A LONG PLANAR CHAMBER

In the one-dimensional case (0/0x =0, u=0), Eq. (4)
reduces to amuch simpler form,

dev

and describes the well-known density distribution [7],
which, for p = 0, is integrable in terms of elementary
functions:

EVEYy = (1-V), (33)

Yo(V, 7) = 2 A1 + Harctan(/2v) -

YV, Q) = 7

Z(34)

Hacan(f7v)-H. 3s)
G g

\%
010
Pp(V, Q) = [dV—=L +
J(: 0v¢0
where the integration constant is set equal to zero
becauseit isresponsible only for a shift along the coor-
dinate axis.

At the point V = 1, we have Yy, = 0, which indicates
that the solution does not have a unique continuation to
the range of supersonic speeds. The physically mean-
ingful portion of the distribution is the central portion
lying near the point Y = 0 between the two extremes at
which Yy, = 0; i.e, the position of the boundary (L) at
which recombination occurs is determined by the con-
dition Yy, = 0 (or V, = ). Solution (35) gives the rela-

tionships v(L) = Vg and L =
VSD 1 D 10

arctan - = The former is
" Dfm ZD (JT) ZD

Bohm's criterion, while the latter determines the ion-
ization frequency in the discharge at a given position of
the boundary.

S Integral (35) is easy to calculate; the resultsis
2

Dp(V, Q) = [ﬂ+zmﬁvzarctan(ﬁv)——ln(l v° )IZI VZ
PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004
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Y (a)
05F
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04r

03k 15.8

02r 63.1

Fig. 1. (8) Coordinate Y and (b) the plasma density as func-
tions of the velocity V for a positive discharge column in
planar geometry. Numerals above the curves denote the val -
ues of the parameter .

6. CYLINDRICALLY SYMMETRIC DISCHARGE

A cylindrically symmetric solution can be derived
from Eq. (10) with i = 1 or from Eq. (13) with /08 =0;
in this case, it reduces to the equation

(L-W) Dy, + WDy = (1+IW) D@y (36)

This equation cannot be integrated in terms of elemen-
tary functions. We denote the cylindrically symmetric
solution by ®(¢, V). The coordinate Y and the plasma
density calculated from Egs. (36) and (12) as functions
of the velocity V in planar and cylindrical geometries
areshown in Figs. 1 and 2, respectively.

The dependence of the boundary position (in dimen-
sionless variables) on the parameter  is presented in
Fig. 3. For comparison, this figure displays the results
obtained for a positive discharge column not only in
planar (4 = 0) and cylindrical (u = 1) geometries but
also in spherical (1 = 2) geometry. As expected, when
ion collisions play an equaly important role, the
boundary surface in a spherical discharge is farther
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(a) 1.0
4.0

0.6
15.8

04r

Fig. 2. (8) Coordinate Y and (b) the plasma density as func-
tions of the velocity V for a positive discharge column in
cylindrical geometry. Numerals above the curves denote the
values of the parameter .

from the coordinate origin than in a cylindrical dis-
charge (and even more so in a planar discharge)
because, in aspherical discharge, diffusivelossesat the
same distance are greater.

7. SSMPLE TWO-DIMENSIONAL FLOWS

We seek a solution to Eq. (10) in the form
® = F(U) +G(V). (37)
Inserting representation (37) into Eq. (10), we obtain

GVV +
(1-V?

(38)

= Qe qUie vy -t Sw
0 Gy O(1- U)(l V)

BERLIN et al.

X
2.0

1.5

107!

103
4

Fig. 3. Position of the boundary as a function of the param-
eter  in (1) planar, (2) cylindrical, and (3) spherical geom-
etries.

We require that the following relationship be satisfied:

1-U?
Fop = oa?—2=9)_ (39)
(1+a”¢u’)
Substituting relationship (39) into Eg. (38) gives

2

-1
v -G, = -V o)
O a v [

In this case, the solution to Eq. (39) can be expressed in
terms of solution (35):

O O

F= Eﬂ+izm

O d
CoV V2
x [F— arctan GJ_V— In 1+a’vin - .
W2 (@eV) ( )D 2C

Replacement of the variable Y = G,, reduces Eq. (40)
(with the corresponding change of notation for the
coefficients) to Eg. (36), which has been analyzed
above. The solution to this equation is very simply
expressed in terms of the familiar solution to Eq. (36)

(see Fig. 2b):
1%%/

Hence, we have constructed plasma density distribu-
tions for both a rectangular and a cylindrical discharge
chamber in two-dimensional geometries. This result is
important for state-of-the-art technologica devices. As
expected, Bohm'scriterion at aplanar boundary is satis-
fied for the flow velocity component perpendicular toit.

I ads

G(V) = s

PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004
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We now consider adischarge in acylindrical cham-
ber with diameter r, and aheight of 2L, cm. The distri-
bution of the plasma density in such a chamber can be
determined as follows. For the solution obtained in this
section, the position of the boundary is given by the
equations

V GZV,D
V542 i
Lo = oo ®pyd, =
(41)
Vg a’v, O
Ro = — CDole — L
Via ~1 0 («’°=1)vO

where the ion-neutral collision frequency is deter-
mined by the neutral gas pressure. Equations (41)
makes it possible to find the values of the coefficient a
and ionization rate v; in the discharge in the same way
asin the standard Schottky theory. Using the second of
these eguations, one can calculate the electron temper-
ature, electric field strength, and other discharge param-
eters from known dependences [2]. The electron den-
sity distributions calculated for a planar discharge
chamber are presented in Fig. 4a, and those calculated
for a cylindrical chamber are given in Figs. ab-4f °

Since, in al of our caculations, the ionization fre-
guency was assumed to be spatially uniform, the calcu-
lated results are valid under the following condition for
electron temperature equalization within the plasma
volume: A\,/(2nyM)'2 > L, where A, is the electron
mean free path; L is the characteristic spatial scale on
which the parameters of the system vary; and mand M
are the electron and ion masses, respectively. At low
pressures, the ionization frequency can become spa
tially nonuniform because of the collisionless mecha-
nisms for field absorption. To estimate the quantitative
role of these mechanismsrequiresfurther investigation.

61t is also possible to obtain a solution for a three-dimensional
rectangular discharge chamber of sizes Ly, Ly, and Lz. In this
case, athree-dimensional analogue of Eq. (10) with =0 can be
written as

2 0(®y, By 2

3(®y, Dy)
Vovw "V -Y50wW

(U, W)

D, D) O(Dy, P
Eag u W)+ (Pyy V)E
Haw,0)  a(U,W) g

(u -1

0(dy, D)

+(W 1)—6(U ) -

D’("DV o) +a(¢u q)\/)|:|
|:| (U, V) o(V, W) |:|

[0(¢Wx q)u) 0(¢’U‘q’v)|]
~WESWUw) Faw,u) o
( U CDV q)W)
= —(1+q(U2+ V2 +W))W,

where W = V,/Vg The solution to this equation can be sought in
the form

® = a’op(U, ) + prop(v,

V) (W)

)+y opw, ™).
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8. DISTINCTIVE FEATURES OF THE BEHAVIOR
OF THE SOLUTION IN THE LONG-ION-MEAN-
FREE-PATH REGIME

Itisof interest to investigate the applicability of the
equations derived above to the limit of small ¢ values
(which corresponds to a positive gas-discharge column
in which the ions move freely toward the wall [1]). In
this limit, the ions can in fact be described in terms of
collisionless hydrodynamics; in this case, however, the
ionizing electron collisions should be taken into
account because only the fastest electrons are absorbed
at the plasma boundary, while the remaining electrons
are reflected from the potential barrier. Elastic electron
collisions are unimportant because electrons are much
lighter than ions and neutrals. The coordinate of the
boundary of a positive discharge column is equal to
Yg = 2/3 in planar geometry, Yg = 1.427 in cylindrical
geometry, and Y = 2.26 in spherical geometry. A com-
parison of the one-dimensional hydrodynamic solution
with the one-dimensional solution to the kinetic equa-
tion shows that the former overestimates the losses to
the wall. Thus, in the kinetic approximation, we have
Ys=0.58, 1.1, and 1.6 for aplanar, acylindrical, and a
spherical plasmacolumn, respectively (see, e.g., [1, 4]).
Thisdiscrepancy isdueto the fact that, in the collision-
less approximation, Eqg. (5) reduces to the Bernoulli
integral

(42)

0 20
n = nyexp ,
O ZVE

which relatesthe ion flow vel ocity to the electric poten-
tial difference between the point at which the measure-
ments are performed and the point from which the cur-
rent line originates (in our case, the coordinate origin).
On the other hand, not all of the ions that reach a given
point have been produced at the coordinate origin; con-
sequently, the actual hydrodynamic flow velocity
obtained from the kinetic equation is lower than that
calculated from Bernoulli integral (42). Inthe hydrody-
namic approximation, this effect could be taken into
account by introducing the ion temperature, which,
however, would depend on the properties of the flow
along the entire streamline. Nevertheless, the fact that
the flow velocity islower than that calculated from for-
mula (42) can be accounted for phenomenologically by
introducing the effective ionization-related ion colli-
sion frequency. In particular, the one-dimensional solu-
tionswith = 0.602, 1.0, and 1.1 are close to the corre-
sponding numerical solutions to the one-dimensional
ion kinetic equation [4] for a planar, a cylindrical, and
aspherical positive discharge column, respectively. An
increase in { with increasing dimensionality of the
problem is attributed to the fact that, in cylindrical and
spherical geometries, the number of slow ionsis larger
than in planar geometry.
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Fig. 4. Electron density distributionsin dischargesin (a) a planar and (b—) acylindrical chamber for { = (a) 0.6, (b—d) 1.1, (e) 10,

and (f) 100 and 02 = (a, ¢, e, f) 2.0 and (b, d) 1.1. The curves forming the surfaces are contours of constant vel ocity modulus W and
constant velocity direction (or, equivalently, constant angle 6).

9. CONCLUSIONS the wall in a positive column of a gas discharge in the

S diffusive regime with allowance for ion inertia for sev-

We have constructed spatial distributions of the eral different configurations of the plasma boundary.
plasma density and the velocity of the plasma flow to  We have calculated the ionization frequency in the dis-
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charge plasma as a function of the geometric parame-
ters of the discharge. We have shown that, for potential
flows, Bohm's criterion is satisfied for the flow veloc-
ity component normal to the plasma boundary. The
total plasma velocity at the plasma boundary can
exceed the ion acoustic velocity and can be equal to it
only when the flow velocity vector is perpendicular to
the boundary.
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Abstract—The optical and electrical characteristics of pulsed discharges in pure Ar at pressures of up to
7 atm, at which the discharge becomes unstable, are studied in a simple experimental device with automatic
preionization. The gastemperature in the discharge is estimated from the width of the recorded emission spec-

trum. An analytical model of the vibrational relaxation of Ar} (v) isused to better determine the constants of

the vibrational—translational relaxation of Arj (v) molecules in their collisions with Ar atoms. The zero-

dimensional numerical model of apulsed dischargein Ar is modified. The experimental and cal culated results
are compared in detail. Good agreement is achieved between the measured and cal culated time dependences
of the electrode voltage and the intensity of spontaneous emission in the pressure range of 1-6 atm, aswell as
between the measured and calculated values of the gas temperature at pressures of 3-6 atm. Preliminary
results from numerical studies of the possibility of achieving generation are discussed. © 2004 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Progressin microelectronicsislargely related to the
development of fine-scale technologies, which require
creating new efficient high-power sources of short-
wavelength radiation. Such radiation is also needed in
other applications, e.g., in medicine and chemistry. At
present, the generation of coherent high-power radia-
tion with the shortest wavelength has been achieved

with Ar; excimer molecules (for Ne; excimer mole-

cules, fluorescence has only been observed). In view of
the fact that, for noble gas dimers, the cross section for
stimulated emission is rather small (~10-'7 cm?) and,
consequently, the gain islow, lasing is possible only at
gas pressures of higher than 20 atm. So far, generation
has been achieved only with pumping by a high-power
electron beam [1, 2]. In this connection, pulsed electric
discharges are more attractive because they can be
excited in simpler and more compact devices. However,
attempts to achieve generation in pulsed discharges
have been unsuccessful, mainly because of discharge
instabilities (whose growth rate increases with gas pres-
sure). There arefew studies on the possibility of achiev-

ing the lasing effect with Ar; moleculesin electric dis-
charges [3, 4]. In [3], a system consisting of four suc-
cessively arranged pairs of knife electrodes connected
to the Blumlein line was used. The interelectrode dis-
tance in each pair was different and was chosen such
that the intensity of the output spontaneous radiation

was maximal. By comparing the intensity of spontane-
ous emission from one pair of the electrodes with that
from four pairs, the authors of [3] estimated the small-
signal gain (0.006 cm!) at a wavelength of 126 nmin
pure Ar at pressures of 3.5 atm.

Based on recent experimental data [2, 3, 5-7], we
modified the previous zero-dimensional model [8] for

describing the kinetics of Ar, excimer molecules

excited by afast electron beam or an electric discharge
[9]. The model [9] adequately describes experimental
data on the excitation by a high-power electron beam
[2, 5, 6] and works satisfactorily in the case of excita-
tion by a pulsed discharge [3]. Thus, the small-signal
gain (minus absorption) predicted by the modd is
0.002 cm™!, which is about three times lower than the
estimate obtained in [3]. A comparison with the results
of [3] isdifficult because of the rather complicated dis-
charge geometry and complicated electric circuit of the
power supply.

In [10], the numerical model of a pulsed discharge
in Ar [9] was used to study the emission efficiency of

Ar, excimer molecules and the resulting gain in an
active medium. It was shown that, under actual experi-
mental conditions [3], the small-signal gain in a uni-
form discharge reaches 0.04 cm! at a pressure of
15am and room temperature, whereas it reaches
0.065 cm! at a pressure of 10 atm and an initial tem-
perature of 170 K. The possibility of achieving such a
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high gain has recently been confirmed experimentally
[4]. In that study, carried out in a device with plasma
electrodes, the electron density and the small-signal
gain (0.086 cmr') were measured in adischarge in pure
Ar at apressure of 15 atm.

In [10], the model was aso tested at low electron-
beam currents (low excitation powers), at which the
efficiency of spontaneous emission was maximum.

This study continues investigations on the kinetics

of Ar; excimer molecules in a pulsed discharge. In

contrast to [3, 4], we use an ordinary electrode system
and asimpleelectric circuit with two LC elements; this
substantially facilitates comparison between theory
and experiment. The aim of our study wasto verify and
refine the model [9, 10] over a wide pressure range.
The results obtained can be used to estimate the possi-

bility of achieving generation with Ar; excimer mol-
ecules.

2. EXPERIMENTAL SETUP AND ANALYSIS
OF THE EXPERIMENTAL RESULTS

The experimentswere carried out in pure Ar at room
temperature. The experimental device is described in
detail in[11]. Figure 1 showsthe equivalent electric cir-
cuit and geometry of the discharge. 45-cm-long brass
electrodes with an Ernst profile were arranged in a
cylindrical chamber. The actual discharge length was
| = 42 cm. To provide uniform energy deposition,
90 capacitors C, were uniformly arranged aong the
electrodes on both sides of them. The charge accumu-
lated in capacitors C. was transferred to each of capac-
itors C, through a spark gap. The UV radiation of spark
discharges generated before the main discharge pro-
vided the uniform preionization of the discharge gap by
the instant of breakdown. Thisiswhy such a discharge
chamber design isusually referred to as an electric-dis-
charge system with automatic preionization. In these
experiments, the total capacitances of our TDK UHV-
10A-50 capacitorswere C;, = 52.1 nF and C, = 45.5 nF.
The interelectrode distance was d = 5 mm. The device
operated reliably at gas pressures of up to 10 atm.

Time-integrated (over an observationa time of

1 ms) emission spectra of Ar; were measured with a

VUV diode array detector, whereas the time evolution
of the spontaneous emission was recorded with a pho-
tomultiplier and a digital oscilloscope.

The cavity consisted of two plane MgF, mirrors
with reflection coefficients of 80% at a wavelength of
126 nm. Attempts to achieve generation were unsuc-
cessful, apparently because of the low Q factor of the
optical cavity. Unfortunately, higher quality mirrors
were not available in these experiments. In our experi-
ments, we measured the voltage at the laser head, the
emission spectra, and the spontaneous emission inten-
sity at pressures from 1 to 7 atm and charging voltages
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Fig. 1. Equivalent electric circuit and geometry of the dis-
charge.

J, arb. units
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Fig. 2. Measured time-integrated emission spectra for P =
3am.

U, from 10 to 34 kV. Up to pressures of 6 atm, the dis-
charge was uniform, and instabilities were observed
only at a pressure of 7 atm. To compare experimental
and calculated results, we chose typical experimental
data for pressures of P = 1, 3, and 6 atm. The width of
the discharge was estimated from its glow and turned
out to be w = 0.3 cm within the entire pressure range
under study.

2.1. Emission Spectra

Figure 2 shows the emission spectra at a gas pres-
sure of 3 atm and different charging voltages. The spec-
tra at pressures of 1 and 6 aim are qualitatively the
same. An analysis of the spectra measured at different
pressures shows that, unlikein Xe[11], theintensity of
the first continuum in Ar (A = 107-115 nm) is low in
comparison to the intensity of the second continuum
(A = 120-135 nm) over the pressure range under study
(P = 1-6 atm). Thisindicates that the relaxation rate of

the high vibrational levels of Ar; (v) at these pressures
is higher and the constants of the vibrational—transla-
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Fig. 3. Comparison of the experimental (lines with sym-
bols) and calculated waveforms of the electrode voltage for
P=(a 1, (b) 3, and (c) 6 atm. For P = 1 atm, the charging
voltageis U, = 12 kV. For P = 3 atm, the charging voltages
areU. =20kV (the dashed line with squares for experiment
and the solid line for calculations) and U, = 28 kV (the dot-

ted line with circles for experiment and the dashed-and-dot-
ted line for calculations). For P = 6 atm, the charging volt-
agesare U, =30kV (the dashed linewith squaresfor exper-

iment and the solid line for calculations) and U, = 34 kV

(the dotted line with circles for experiment and the dashed-
and-dotted line for calculations).

tional relaxation in Ar are much higher than those
inXe.

Itiswell known that the spectral width of the second

continuum of the Ar; excimer increases with temper-
ature [12, 13]. Therefore, this dependence can be used
to estimate the gas temperature. The experimental data
on the full width at half maximum (FWHM) of the sec-
ond continuum of Ar§ , A\, are available only for tem-
peratures from 30 K (AA = 7.2 nm) to 300 K (AA =
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8.7 nm) [12, 13]. In our experiments, the temperature
was higher and, accordingly, the spectrum was wider:
AN =15.0-15.7nm at P=1atm, 13.6-14.6 nmat P =
3atm, and 12.3-13.5 nm at P = 6 atm. To estimate the
gas temperature, we used the analytical dependence of

the width of the Ar; emission spectrum on the temper-

ature [13]. The values of the gas temperature were
found to be T = 980-1070 K for P = 1 atm at charging
voltages of U, = 10-12 kV; T =800 and 930 K for P =
3atm at U, = 20 and 28 kV, respectively; and T = 790
and 650 K for P =6 atm at U, = 30 and 34 kV, respec-
tively. These data will be used below (see Section 4.1)
to determine the discharge area more correctly.

2.2. Discharge Characteristics

Figure 3 shows waveforms of the electrode voltage
at gas pressures of P = 1, 3, and 6 atm and different
charging voltages (for comparison, the results of calcu-
lations that will be discussed in detail in Section 4 are
also presented). A comparison of the measured wave-
forms of the electrode voltage at P = 3 and 6 atm and
different charging voltages showsthat, at P = 3 atm, the
electrode voltage increases at a progressively higher
rate as the charging voltage increases. Such behavior
can be considered “normal,” because the charging cur-
rent of capacitor C,, increases with increasing charging
voltage. Similar behavior was also observed at lower
pressures. At P = 6 atm, the situation is the opposite
(see Fig. 3c). Asthe charging voltage increases from 30
to 34 kV, capacitor C, is charged more slowly. Such a
dependence may occur if the capacitor’s capacitance
decreases with increasing charging voltage. This effect
was taken into account in [14] when simulating an el ec-
tric-discharge ArF excimer laser: the capacitance of the
forming line in the equivalent electric circuit was
reduced in order to achieve better agreement between
the measured and calculated waveforms of the elec-
trode voltage. In the present paper, we also take into
account the dependence of the capacitance on the
charging voltage (see Section 3 for details).

Notethat, at P = 6 atm, the charging voltage of U, =
26 kV isinsufficient for the efficient breakdown of the
interelectrode gap. At the same time, the intensity of
spontaneous emission at U, = 26 kV and P = 6 atm is
only dlightly lower than at higher charging voltages and
much higher discharge powers. This confirms the con-
clusion of [10] that the efficiency of spontaneous emis-
sion is maximum at low discharge powers, when the
electron density is relatively low and, accordingly, the

quenching rate of the Ar; excimer by electronsis low.

The measured waveforms of spontaneous emission
will be considered in Section 4.
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3. THEORETICAL MODEL

The zero-dimensional model was discussed in detall
in[9, 10]. Here, we only present a brief description of
it. In this model, the reduced electric field E/N (where
E isthe electric field strength and N is the neutral parti-
cle density) or the intensity of the source of secondary
electrons (when the discharge is excited by an electron
beam) is used as an input parameter when solving the
quasi-steady Boltzmann equation in the two-term
approximation. The model takes into account electron—
ion recombination and elastic and inelastic energy
losses of electrons in their collisions with atoms and
molecules in the ground and excited states. Account is
also taken of electron—electron and superelastic colli-
sions. The rate constants of direct processes are deter-
mined from the calculated electron energy distribution
function and the cross sections for the corresponding
processes, and the rate constants of inverse processes
are found from the principle of detailed balance. The
rate constants of the processes with the participation of
electrons are used to determine the densities of the
plasma components and photons from the balance
eguationsthat are solved simultaneously with the equa-
tions for the gas temperature and the electric circuit.
The electron density and mobility, which are found by
solving the Boltzmann equation, are used to calculate
the plasma conductivity, which is then used to find the
currents and voltagesin the electric circuit and, accord-
ingly, E/N.

As compared to the model proposed previously in
[8], the model of [9, 10] aso incorporates gas heating
and the vibrational relaxation of the low levels of the
Ar; (') and Ar; (3X) states. Thisis necessary to cor-
rectly determine the gain factor of the active medium as
the gas temperature varies.

In this paper, the model is modified as follows:

(i) The equivalent eectric circuit is modified
(Fig. 1). The electric circuit equations are supple-
mented with terms describing the dependence of the
capacitor’s capacitance on the voltage.

(i) The model incorporates equations describing
generation of radiation and the corresponding parame-
ters of the optical cavity.

(iii) The processes of vibrational—trandationa (VT)

relaxation of the high vibrational levels of Ar; , the

spontaneous emission from these levels, and their deex-
citation by electrons are included in order to describe
more correctly the time dependences of the output radi-
ation at high excitation powers and to study the inten-
sity ratio between the second and the first continua of
Ar .

(iv) The model allowsfor time variations in the dis-
charge areain order to model the contraction effect.

Asin[9, 10], the parameters of the equivalent elec-
tric circuit (the resistances and inductances) were cho-
sen so as to achieve the best agreement with the exper-
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imental resultsfor P = 1-6 atm. These parameters were
chosentobel.=140nH,L,=2.6nH,R.=0.4Q, and

R,=0.

Let us consider the basic modifications in more
detail.

3.1. Dependence of the Capacitance
on the Applied \Voltage

Aswas noted above (see also Fig. 3c), at P = 6 atm,
the growth rate of the voltage at capacitor C, decreases
asthe applied voltageincreases. Such “atypical” behav-
ior is possible if the capacitor’s capacitance decreases
with increasing applied voltage. According to the TDK
certificate data, the capacitance of the UHV-10A-50
capacitors decreases by ~10% as the dc voltage
increases to 50 kV. We suppose that the decrease in the
capacitance may be even greater for apulsed voltage. In
our calculations, we used the dependence C(V/U,)/C, =
1/(1 +2™(m— 1)*(V/Uy)™ with m= 5[14]. To study the
influence of this effect in more detail, we also per-
formed calculations with m = 10 and 15. The increase
in m leads to a more rapid decrease in the capacitance
with increasing applied voltage (see Fig. 44). Figure 4b
shows the dependence of the relative charge of the
capacitor on the applied voltage. It can be seen that, as
the voltage increases, the charge first increases, reaches
itsmaximum at V = U, /2, and then decreases. The best
agreement between the waveforms of the calculated
and measured voltages (see Fig. 3) was achieved for
U, = 60 kV. In this case, the time dependences of the
discharge voltage were affected only dlightly by the
parameter m, which determines the rate at which the
capacitance decreases with increasing applied voltage
(calculations were performed for m = 5, 10, and 15).
Thus, at voltages above U,/2 (in our case, 30 kV), the
capacitor charge decreases because of a decreasein the
capacitance. However, the same capacitor charge can
also be at alower voltage. The descending segment of
the voltage dependence of the capacitor charge corre-
sponds to an unstabl e state. When the switch is closed,
the voltage at capacitor C, decreases sharply to avalue
corresponding to the ascending segment of the depen-
dence. Thus, for aninitial voltage of 34 kV, the voltage
at capacitor C, after closing the switch will be 24.6,
22.8, and 21.6 kV for m =5, 10, and 15, respectively.
The results of calculations for U, = 34 and 24.5 with
m =5 arevery closeto one another. Clearly, it makesno
sense to increase the initial voltage above the value at
which the capacitor charge begins to decrease. There-
fore, in designing an actual device, it is necessary to
take into account that the capacitor’'s capacitance may
depend on the pulse voltage. In our experiments, this
effect was observed only at P = 6 atm and was negligi-
bly small at P =1 and 3 atm.
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3.2. ibrational Relaxation of Ar; (v)

In experiments carried out at pressures in the range
1-6 atm, the intensity of the first continuum (the emis-
sion from the higher lying Ar5 (v) vibrational states
with wavelengths of 107-115 nm) was very low, com-
pared to the intensity of the second continuum (the
emission from the low Ar} (v) vibrational states with

wavelengths of 120-135 nm). At the same time, one
can estimate the VT relaxation constants of the vibra-
tional states of excimer molecules from the pressure
dependence of the intensity ratio between the second
and thefirst continua. For example, in[11], the constant
of VT relaxation of the Xe&; (v) vibrational states in

collisions with He atoms was determined. In [12], the
pressure dependence of the intensity ratio between the

second and thefirst continuaof Ar; wasmeasured dur-
ing the supersonic expansion of a gas at pressures

DEM’YANOV, LO

Fig. 5. Diagram illustrating the processes of the excitation,
mixing, and vibrational relaxation of the triplet and singlet

states of Ar§ . Heavy lines show the main processes.

below 40 torr. The authors of [12] also proposed a the-
oretical model for calculating the populations of the

Ar; (v) vibrational states and the intensity ratio
between the second and the first continua. To estimate

the constants of VT relaxation of the Ar; (v) vibra-

tional statesin collisions with Ar atoms, the authors of
[12] used theoretical estimates. Unfortunately, the
model proposed in that paper failed to explain the satu-
ration of the intensity ratio of spontaneous emission at
higher pressures.

Here, we propose a simple model of vibrational
relaxation and emission that can explain the depen-
dence observed in [12]. Figure 5 illustrates the kinetic
model used in our calculations. In contrast to [12], we
assume that not only the emission from the 3Z term but
also the emission from the high vibrational levels of the
I3 term contribute to the first continuum. At the same
time, the emission from the low vibrational levels of the
3% term is predominant in the second continuum,
because, at pressures of P < 40 torr [12], vibrational
relaxation is slow in comparison to the radiative deex-
citation of the high vibrational levels of the 'Z term.
Theratio between the excitation rates of the high vibra-
tional levels of the 'Z and 3X termsis equal to theratio
of the constants of the three-body processes

Ar* + Ar + Ar— Ar,('2) + Ar, 0
K=1.5x1033cm®s [15],
Ar* + Ar + Ar — Ar,(’2) + Ar,

(2
K=1.3x1032cmbs [15],

and is equal to ~0.12.
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We assume that the reaction of single-quantum
relaxation
Ars (V) +Ar — Ar, (V=1 +Ar, Kyt (3)
is predominant. For the VT relaxation constants Ky,
we use the anharmonic oscillator approximation Kyt =
KoV exp(dy7(V — 1)) [16]. The parameters K,, and &, ¢
are chosen so that to provide the best agreement with
the experimental data. We also assume that, in pro-
cesses (1) and (2), excimer molecules are formed at the
25th vibrational level. Taking into account the observa-
tional spectral ranges for the second and first continua
in [12] (124-130 and 108-110 nm, respectively), we
assume that the emission from the 19th to 25th levels
contributesto thefirst continuum, whereasthe emission
from the zeroth to fourth levels contributes to the sec-
ond continuum. The best agreement was achieved for
Oy =0.15and K,, = 7.8 x 10-'* cm?s. Figure 6 com-
pares the cal culated and measured [12] pressure depen-
dences of theintensity ratio between the second and the
first continua. The calculated dependence from [12] is
also shown in Fig. 6. Note that it follows from the data

onthe3s term of Ar} , the dataon the Ar; —Ar interac-
tion [12], and the estimatesin [16] that d,; = 0.2-0.28.
In our numerical model, which takes into account

the refined dataon the VT relaxation of Ar; (v) in col-
lisions with Ar atoms, the vibrational kinetics of the
Ar,(°Y) and Ar,('Z) termsis described by thefollowing
processes:

ALCE h) + € Ar-—- An('S, h) + € Ar,  (4)
ALCE D+ Ar—~ An(S, )+ e Ar,  (5)
Ar,(?Z, h) + Ar———~Anr,(’Z, |) + Ar, ©

2.7 x 10710 cm/s,

Ar,('Z, h) + Ar~——Ar,('Z, |) + Ar,

10 3 )
2.7 x 10719 cm?/s,

Ar,(CZ, 1) + Ar Ar,(’Z, v=0) + Ar,

8
7.8 x 10713 cm?/s, ®)

Ar,('Z, 1) + Ar Ar,('Z, v=0) + Ar,
7.8 x 10713 cm?/s,

©)

ALCE h) —=2Ar+hv, 4.8x100s!,  (10)
ALCE ) —= 2Ar+hvy, 34x105s,  (11)
AL(Z, h) —= 2Ar+hv, 37x10°s,  (12)
AL(Z, 1) —=2Ar+hv, 2.6x108s!.  (13)
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Fig. 6. Pressure dependence of the intensity ratio between
the second and the first continua of Ar7 . The solid line

show the results of the present study, the dashed line corre-
sponds to the model of [12], and the symbols show the
experimental results of [12].

Here, by the Ar,(*> 'Z, h) and Ar,(*> 'Z, 1), we mean the
total populations of the high (v = 20-30) and low (v =
0-4) vibrational levels, respectively, of the Ar,(*XZ) and
Ar,('Y) terms. The constants of direct processes (4)
and (5) are presented in [9, 10], whereas the constants
of inverse processes (4)—(9) are calculated from the
principle of detailed balance with allowance for gas
heating.

Note that the refined data on VT relaxation do not
affect the agreement between the calculated and exper-
imental results of our previous studies, because, at high
pressures[9, 10], aBoltzmann distribution that depends
on the gas temperature only is established for the pop-
ulations of the low vibrational levels. However, even at
P = 1 atm, the results can be affected by the finite rate

of the VT relaxation of the low Ar;(v) vibrational
statesin collisions with Ar atoms.



1058

J, arb. units

0.03r (a)

0.02

0.01

Nemay, s -
A SRl V)
1 1 1 1 1 1 1 1 J

0 200 400 600 800 1000 1200 1400 1600 1800

(b)

04r

0.2 -

A | | | C e C UL T
0 200 400 600 800 1000 1200 1400

(©)

\ 1
~o
[l <
1 1 1 |

' ‘I"L_ o - ~
0 100 200 300 400 500 600 700

= PP e |

800 900 1000
t,ns

Fig. 7. Comparison of the experimenta (dashed lines) and
calculated (solid lines) waveforms of the spontaneous emis-
sionintensity for (8) P=1atmand U, = 12kV, (b) P=3 am
and U, =20 kV, and (c) P = 6 atm and U, = 30 kV. In plot

(c), the dashed and solid lines correspond to calculations
without and with allowance for the instrument function of
the photomultiplier, respectively.

4. COMPARISON TO THE EXPERIMENTAL DATA

The choice of the equivalent electric circuit and its
parameters, as well as the inclusion of the dependence
of the capacitor’s capacitance on the applied voltage in
our model, made it possible to achieve good agreement
between the measured and cal culated waveforms of the
electrode voltage (Fig. 2) over the range of pressures
and voltages under study. The calculations show that
the waveforms of the voltage depend only slightly on
the discharge area, whereas the waveforms of theinten-
sity of spontaneous emission vary significantly. Under
our experimental conditions, the dominant process is
the dissociation of Ar} in the high vibrational statesin
collisions with electrons [9, 10]. At the same time, the
electron density is determined by the discharge current

and discharge area. The discharge current is specified
by the electric circuit and the charging voltage. There-
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fore, the electron density depends mainly on the dis-
charge area. It iswell known [14, 17] that the width of
the current channel decreases during a discharge due to
contraction. The contraction rate is determined, first of
all, by the electrode profile and also by the preioniza-
tion inhomogeneity and the dependence of the ioniza-
tion rate on E/N. To study the influence of contraction,
we introduced the time dependence of the discharge
width into our model. The calculations show that con-
traction significantly influences the intensity of sponta-
neous emission, but the time behavior of spontaneous
emission remains almost the same. To study the influ-
ence of contraction in detail, we plan to use a one-
dimensional model of a discharge in Ar that is similar
to the model used in [14].

4.1. Gas Heating and the Width
of the Current Channel

It is clear that, in the zero-dimensional model, the
discharge areais an external parameter. This parameter
was determined from observations of the discharge
glow. However, it is well known [14, 17] that the cur-
rent channel is somewhat narrower than the glow
region. Therefore, it wasimportant to verify the chosen
value of the discharge area. To do this, we used the data
on the gas temperature (see Section 2). Indeed, the
increase in the gas temperature depends of the dis-
charge power and, consequently, on the discharge cur-
rent density, which, in turn, depends on the discharge
area (the length of the discharge isfixed). Note that the
discharge voltage is determined by the plasma pro-
cesses, depends dlightly on the discharge current, and
increases almost linearly with gas pressure. In calcula
tions with a given discharge width of w = 0.3 cm, the
gas was heated to the following temperatures: T =
850K for P=1atmat U, =12 kV; T = 820 and 950 K
for P =3 atm at U, = 20 and 28 kV, respectively; and
T=830and 740K for P=6amat U, =30 and 34 kV,
respectively. A comparison of the calculated results with
the experimental data on gas heating (see Section 2)
showsthat, at P = 3 and 6 atm, the calculated and mea-
sured gas temperatures are close to one ancther. Note
that, at P = 6 atm, the higher the charging voltage, the
lower the gas temperature. This confirms our conclu-
sion that the capacitor's capacitance depends on the
charging voltage. In fact, the higher the voltage, the
lower the energy stored in the capacitor. At a pressure
of P =1 atm, the calculated gas temperature was some-
what lower than the measured one. Aswas noted above,
the temperature was estimated by using the theoretical
dependence of the spectrum width on the temperature,

assuming that the populations of the Ar; (v) vibra-

tional levels obey a Boltzmann distribution. This
assumption is valid at high pressures, however, at
1 atm, the distribution may deviate from a Boltzmann
one. Using the theoretical model described in Section 3,
we calculated the distributions for P = 1, 3, and 6 atm.
PLASMA PHYSICS REPORTS  Vol. 30
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The model included the mixing of the triplet and sin-

glet states of Ar; in collisions with electrons. Indeed,

it turned out that, at pressures of P = 3 and 6 atm, the
distribution over low vibrational levels was close to a
Boltzmann one with the corresponding gas tempera-
ture, whereas at P = 1 atm, the popul ations of the lower
lying levels (v = 1-5) were substantially higher than
the equilibrium populations; this resulted in the broad-

ening of the Ar, emission spectrum at this pressure.
The effective vibrational temperature of the first level

Ar; (v=1)wasequal to 1000 K for an electron density

of ~2 x 10'* cm3. We recall that, in our experiments,
we measured the time-integrated spectrum. The main
contribution to the discharge glow comes from times
larger than ~1100 ns, when the electron density
decreases to ~3 x 10'* cm and lower.

4.2. pontaneous Radiation

Figure 7 compares the measured and calculated
waveforms of the spontaneous emission intensity for
different pressures. It can be seen that the calculated
waveforms agree well with the measured ones. Note
that, in the calculations, short period-oscillationsat P =
1 and 3 atm are damped more rapidly than in the exper-
iment. With the equivalent electric circuit used in our
model, we could not avoid this discrepancy. It seems
that a more complicated equivalent circuit should be
used to describe the actual circuit. We also note that the
amplitude of the cal culated oscill ationsin the spontane-
ousemissionintensity at P =3 and 6 atm arelarger than
in the experiment because of an increase in the rates of
the processes with the participation of Ar in comparison
to those at lower pressures. This discrepancy was
avoided by taking into account the instrument function
of the photomultiplier (At = 20 ns) used to measure
spontaneous emission. For P =1 and 3 atm, this factor
islessimportant. For thisreason, Figs. 7aand 7b show
the calculated results without smoothing by the instru-
ment function, whereas Fig. 7c (P = 6 atm) shows the
calculated results with and without smoothing.

5. CONCLUSIONS

The optical and electrical characteristics of a pulsed
electric discharge in pure Ar have been studied at pres-
sures of up to 7 atm, at which the discharge becomes
unstable. Attempts to achieve generation have been
unsuccessful because of the small Q factor of the opti-
cal cavity, as is evident from a comparison with the
results of calculations. The gas temperature in the dis-
charge has been estimated from measurements of the
spectrum width. The pressure dependence of the inten-
Sity ratio between the second and the first continua has
been used to estimate the constants of the vibrational—

tranglational relaxation of Ar; (v) molecules in their
collisions with Ar atoms. The modified zero-dimen-
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siona numerical model of a pulsed discharge in Ar is
found to satisfactorily describe the experimental results
over the entire range of pressures and charging voltages
under study and can be used to analyze the possibility
of achieving generation.

Preliminary results [18] show that, for the discharge
geometry and cavity parameters used in our study, las-
ing in auniform discharge is achievable at pressures of
=10 atm. In this case, the lower the pressure, the nar-
rower the range of the deposited energies at which gen-
eration is possible. As the pressure increases, the
admissible range of the deposited energies extends and
the output energy increases.

Thekey problem isthat of providing the stability of
a high-pressure pulsed discharge. Encouraging results
were obtained in [4], where a uniform discharge was
obtained at pressures of 10-20 atm, but in a device
with plasma electrodes. We plan to study the influence
of the discharge contraction in detail by using a one-
dimensional model of adischarge in Ar, whichissim-
ilar to [14].

Another important problem is the choice of an effi-
cient system for discharge power supply. The large dif-
ference between the voltages that are required to ini-
tiate and sustain dischargesin noble gases gives no way
of achieving an aperiodic regime of pumping the active
medium. The energy is deposited during severa peri-
ods of current oscillations in the electric circuit. How-
ever, the discharge usually becomes unstable after the
first oscillation; hence, the energy of subsequent oscil-
lationsislost.
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Abstract—A self-consistent kinetic model is used to describe the effect of stratification of the positive column
of aplane and aspherical gasdischargein argon at low pressure. The model is based on solving the Boltzmann
Kinetic equation for the electron energy distribution function, the time-dependent ion continuity equation, and
Poisson’s equation for the self-consistent electric field. The spatial distributions of the electron and ion densities
and of the electric field in the positive column of a stratified discharge are determined. The kinetic mechanism
for discharge stratification in noble gases at low pressures is explained in terms of the proposed model. The
model makesit possibleto describe the moving strataand to confirm the validity of the experimentally obtained
dependence of theradii of the strata on their numbersin aspherical discharge. © 2004 MAIK “ Nauka/Inter pe-

riodica” .

1. INTRODUCTION

It is well known that, in most cases, the plasmain
the positive column (PC) of agas discharge is unstable
[1-4]. Various instabilities lead to stratification of the
PC into aternating dark and bright regions (strata).
Although discharge stratification has received much
experimental and theoretical study, it isnot well under-
stood at present and requires further investigation.

Experiments with spherical stratified glow dis-
charges between a small-size central anode and a sur-
rounding large-area spherical cathode were carried out
in[5, 6]. Spherical discharges differ from conventional
glow discharges in tubes in three important respects:
the formation of a spherical electron flow converging
toward the central anode, the absence of transverse dif-
fusive fluxes of charged particles, and no loss of
charged particles at the walls. Optical measurements
showed that avolume discharge initiated by means of a
pointlike anode exhibits high spherical symmetry and
appears to be a unique abject in which all the parame-
ters depend only on the distance from the anode cen-
ter—aproperty that rendersits modeling in one-dimen-
siona geometry possible.

For many years, the best-developed models of the
stratification effect came from the hydrodynamic and
kinetic theories of discharge striations (see, e.g., review
paper [3]). Not long ago, however, Sigeneger and Win-
kler [7] advanced a new method for solving the nonlo-
cal Boltzmann kinetic equation for the electron energy
distribution function (EEDF). This new method pro-
vides fairly reliable calculations of the influence of the
electric field nonuniformity on the formation of the
electron energy distribution and on its relaxation in the
region where the electric field is uniform. Based on

Sigeneger and Winkler's method, Golubovskii et al. [8,
9] solved the Boltzmann equation for the EEDF for
both a prescribed sinusoidal electric field and an exper-
imentally measured electric field. By correctly choos-
ing the spatial period of the prescribed field, they deter-
mined the spatial scale on which the electron energy
relaxes and described a kinetic mechanism for the for-
mation of periodic distributions of the macroscopic
parameters of the plasma electrons. In a recent paper,
Golubovskii et al. [10] proposed a self-consistent
kinetic model in which the distribution function of al
the electrons is described with the help of the Boltz-
mann equation in the two-term approximation and the
ions and metastable particles are treated in terms of
hydrodynamic balance equations. In [10], a study was
made of discharges at moderated pressures under the
assumption that the PC is electrically neutral, the elec-
tric field being calculated without using Poisson’'s
equation.

In recent years, there has been increased interest in
the so-called hybrid models [11, 12], in which high-
energy electrons are analyzed by means of the Monte
Carlo method while sow €lectrons, ions, and other
heavy particles (metastables) are described by the con-
ventional hydrodynamic equations. This approach
makesit possibleto increasethereliability of numerical
simulations without substantially increasing the
amount of computer time. In thisway, the electric field
in the plasma is determined by the distribution of
charges and is self-consistently calculated from Pois-
son's equation. Hybrid models have been widely used
to describe the effects occurring near the cathode and
discharges of complex geometric shapes, but never to
describe the stratification effect.

1063-780X/04/3012-1061$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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In this paper, the plasmain the PC of aplane and a
spherical glow discharge is studied by simultaneously
solving the Boltzmann kinetic equation for the EEDF,
the time-dependent ion continuity equation, and Pois-
son's equation for the self-consistent electric field. We
believe that, with this self-consistent kinetic approach,
it is possible to give areliable description of the strati-
fication of low-pressure discharges in noble gases.

2. MODEL

We consider the PC of a plane and a spherical dis-
chargein argon at low pressure (0.1 < p < 2 torr). For a
plane discharge in atube, we ignore the influence of the
boundary effects and assume that the electric field dis-
tribution is axisymmetric. As has aready been men-
tioned, the parameters of a spherical discharge depend
only ontheradial coordinater. Hence, the problemsfor
a spherical and a plane discharge are both treated in a
one-dimensional formulation. In what follows, all
expressions in spherical and plane geometry will be
written in the same form, the spatial variable being the
coordinater.

The electron flow entering the region of a spatially
periodic self-consistent electric field in the PC, as well
as the relaxation of the flow asit convergesin thisfield
toward the anode, is described by the Boltzmann
kinetic equation for the electron velocity distribution
function f(r, v):

e _ ol in
vDVrf—aEDVVf—S(f)+ZS<(f), (1)

where S¢ is the elastic collision integral, S, is the
inelastic collision integral, and —e and m are the charge
and mass of an electron. Since the characteristic time
scale on which the plasma relaxes to a certain state is
governed by the vel ocity of the slow ions, and sincethis
time scale is long enough for the distribution of the
electrons (which are faster than the ions) to follow the
ion distribution, the Boltzmann equation is taken to be
time-independent.

The direction of the electric field is chosen to be
such that the electrons are accelerated in the positive
direction aong the coordinater. In the expansion of the
EEDF in Legendre polynomials, we take into account
only the first two terms:

viip-1_ 1 Vi
T, = 21T(Zlm)m[fo(LJ,r)+ f(U,r) V]@)

where U = mv?/2 is the electron kinetic energy and
fo(U, r) and f,(U, r) are the isotropic and anisotropic
parts of the EEDF, respectively.

We substitute expansion (2) into Eg. (1), multiply
the resulting equation by unity and by p = v, /v, and
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integrate over 21y to arrive at the following set of two
equations (for more details, see [7]):

ek (r) 0
3 ouU

110, n
ér—na—r[r Ufr] -

[Uf]

0 m in
_E[ZMUZNde(U)fO} + ZUNng (U)f, 3)

=3 (U+UDNQI(U +U) fo(U+ Uy r) = 0,
k

d 2 _
a—rfo—eEr(r)(mf(ﬁ H(U)f, =0,

4)
where n = 0 and 2 for plane and spherical geometry,
respectively, and Ny isthe density of neutral particles of
mass M. The third term in Eq. (3) incorporates the
energy loss in elastic collisions, which are character-
ized by the scattering cross sections QYU). The fourth
term accountsfor the energy lossininelastic collisions;

here, QL" (U) is the cross section for the kth inglastic
process. The coefficient in the third term in Eq. (4) is
equal to HU) = NyQYU) + $, N,Q,(U). The last
(fifth) term in Eq. (3) describes the production of an
electron with the kinetic energy U in the kth inelastic

collision in which an electron with the initial energy
U + U, loses an amount of energy equal to U,.

If we switch from the kinetic energy U to the total
electron energy € = U — eW(r), where W(r) isthe radial
profile of the electric potentia in the PC, then Egs. (3)
and (4) become much simpler. Eliminating the aniso-
tropic part of the EEDF in the set of equationsyieldsthe
following equation for theisotropic part of the distribu-
tion function:

li[ U0 ]
(nar 3H(U)ar

+ %[ZﬁUZNde(U) fo(E, r)}

| 5)
= UNQ((U) fole, 1)
k

+3 (U+UONQI(U + U fo(e+ UL T) = 0.
k

The anisotropic and isotropic parts of the EEDF are
related by the expression

(6)
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Figure 1 shows the computation region, i.e., the
region over which Eq. (5) was solved in the (g, r) coor-
dinate plane for an arbitrary periodic electric field. The
chosen radial profile of the potential energy, —eW(r),
determines the lower boundary of the computation
region (curve C). The left boundary of the computation
region corresponds to the cathode-side boundary of the
PC and is denoted by A. At the entrance to the PC, the
anisotropic part of the EEDF was given by a Gaussian
function,

S = M-Uuf]

fr(U) = cU EXp[_DTD } r =0,
which models an electron beam. In simulations, we var-
ied the mean electron energy U,,, and the energy spread
AU of the beam and found that the variations affected
the solution only slightly and only in a narrow region
near boundary A. The maximum total electron energy
€., Was chosen in such away that the distribution func-
tion of the electrons with energy €, vanishes every-
where. Thus, the condition at the upper boundary B of
the computation region isfy(€ = €, r) = 0. At the lower
boundary C, the electron kinetic energy is zero; hence,
the anisotropic part f, of the distribution function isalso

zero. The condition for the isotropic part at this bound-
ary can be obtained from Eq. (6):

[(%fo(s = —eW(r), r‘)} = 0.

rr=r

For a plane discharge, the parameters of the computa
tion region were asfollows: r; = 0 isthe position of the
cathode-side boundary of the PC and r, = 20 cm is the
position of the anode-side boundary of the PC. For a
spherical discharge, the radius of the cathode-side
boundary of the PC is r, = 11 cm, the anode radius
being r, = 1 cm. The boundary condition at the anode
corresponds to full absorption of the electrons by the
anode surface (boundary D):

3
fr(Uvra) = ny(Uvra)v V = é

Equation (5) was discretized by a scheme of second-
order accuracy similar to the Crank—Nicholson scheme
and was solved by a procedure analogous to that
described in [7]. In our simulations, in contrast to [7],
the points of the numerical mesh were spaced uni-
formly aong the energy axis while the mesh spacing in
the radial direction was nonuniform and depended on
the potential distribution. Such amesh made it possible
to reduce the error in calculating the balance of parti-
cles and energies to severa hundredths of a percent,
even for highly nonuniform electric fields. It also facil-
itates the integration of all the macroscopic parameters
over energy because there is no need for the computa-
tion regioninthe (g, r) coordinate plane to be addition-
ally readjusted to that in the (U, r) coordinate plane.
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Fig. 1. Computation region and boundary conditionsfor the
Boltzmann equation in the (g, r) coordinate plane.

Parabolic equation (5) in finite differences was
solved numerically by the sweep method over the coor-
dinate r for each value of the total energy €, from its
highest value to a zero value. In this way, for a given
value of the energy ¢, thelast termin Eqg. (5) was cal cu-
lated from the distribution functions already computed
for higher energy values.

The cross sections for electron scattering in argon
were taken from the database in [13]. The gas atoms
were assumed to be immobile, and collisions of elec-
trons with ions and metastable particles were ignored.
All the processes by which the electrons lose energy
were divided into four groups, three of which are char-
acterized by different excitation thresholds, 11.3, 11.7,
and 12.9 eV, and one includes ionizing collisions, the
ionization threshold being 15.7 eV. All ionizing colli-
sions were regarded merely as energy-loss processes,
which do not change the number of electrons.

Having found the spatial distribution of the EEDF
from Boltzmann equation (5), we can determine some
macroscopic parameters of the plasma electrons by
integrating the distribution function over energies. We
thus obtain the following spatial profiles of the electron
density and the electron flux density in the PC:

00

ny(r) = J'fO(U, nu*du, (7
0

00

i(r) = %A/z/mj‘f,(u, fUdu. @®)
0
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The distributions of the electric field and potential
that were used to calculate the total electron energy in
Eq. (5) were determined as follows: We consider the
nonstationary ion transport equation in the drift approx-
imation:

on;(r, t)
o na 2 ("n(r, IE(r, 1) = O,

®)

where ; istheion mohility in argon. The electron den-
sity distribution was assumed to be known and was
determined from formula (7). The right-hand side of
Eq. (9) was assumed to be zero. Preliminary computa:
tions showed that, in the parameter range under consid-
eration (for a reduced electric field of about E/p ~
1 V/cm/torr), the number of electrons changes only
dlightly in the course of impact ionization, which plays
an important role only at E/p > 10 V/(cm torr).

The électric field E satisfies Poisson’s equation

10r"E(r, t)

SEG = amen (0 =n(0).

(10)

For aplane discharge (n = 0), the solutionsfor theion
density and electric field are sought in the form of run-

ning waves, n, = n;(§ = viot +randE=EE= viot +1),
where we have introduced the new variable § = vi0 t+r.

The constant vi0 = ay;E ison the order of theion drift

velocity; here, E° is the mean electric field in the PC
and the absolute value of the parameter |a| is about
unity. Inserting these expressions into Eg. (9), we
obtain

a(n(&)a) E(E)D
5 aEEp &=H=o

Integration of EQ. (11) over € yields

(11)

n(§)(a + E(§)/E%) = congt. (12)
The constant on the right-hand side of Eg. (12) was
chosen to be the value of n;(&)(a + E(€)/E") at the cath-
ode-side boundary of the PC at t = 0: const = n;(ry)(a +
1). Theion density at this boundary was assumed to be
equal to the electron density. Poisson’s equation and
Eq. (12) yield the equation

E(r) = Eol——-—-——”e(r°)(°‘+l) 0(]. (13)

1 0E
ne(r) + 4Te Or

Equation (13) was solved by the iterative method.
Since the coefficient of the field gradient on the right-
hand side of Eq. (13) issmall, only afew (about three)
iterations were needed.

FEDOSEEV, SUKHININ

Similar manipulations can be carried out for aspher-
ical discharge (n = 2). We introduce the dimensionless

ion density n;(t, r) and dimensionless eectric field
E (t, r) through the relationships

ni(t, r) = n,ogr‘ﬂ n%/ t+ 3 CB)DLD [E (14)
et = €00 ERole U as

where niO and E° are the characteristic values of theion
density and electric field at the cathode-side boundary
r=r, of the PC. The functions i (t, r) and Et, r)

describe spherical waves and depend on a single vari-
able&:

= 0 LS (5
E Vlt+¢(r) Vlt+(3_B)|j_CD ) (16)
where the function ¢(r) is chosen so as to reduce the
equation of ion motion (9) to an equation in only one
variable €. Hence, the functions n;(t, r) and E(t, r)
describe waves whose amplitudes vary over time and
whose propagation velocity v ~ vio (ro/r)>~ P depends
onr.

Substituting expressions (14) and (15) for the ion
density and electric field distributions into Eqg. (9), we
obtain

o(ni(§)a) .
g

Equation (17) for the dimensionless ion density and
dimensionless electric field coincides with Eq. (11),
which refers to a plane discharge. Integrating Eq. (17)
yields the following relationship between the ion den-
sity and the electric field:

(n (8)E()) = 0. (17)

ni(§)(a+E(E)) = const = (o +1). (13)
Equation (18) and Poisson’s equation were solved
together by iteration, just as was done for a plane dis-
charge. The calculated electric field profile E(r, t = 0)
was substituted into Eq. (5) to computethe electron dis-
tribution function and the new values of the electron
density distribution in the iterative procedure.

The first approximation to the distribution function

fg(r, U) was obtained by solving parabolic equation (5)
with the corresponding boundary conditions for an
arbitrary electric field E(r). The initial electric field
distribution was taken to be uniform. At each iteration
step, a new electric field distribution E(r, t) was com-
puted from the already calculated electron density dis-
tribution (7) by means of the procedure described
PLASMA PHYSICS REPORTS  Vol. 30
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Fig. 2. Distributions of theisotropic part of the EEDF in the (r, U) planefor (a) a plane discharge (the cathode-side boundary of the
PCisat r. = 0 cm, and the anode-side boundary is at r; = 20 cm) and (b) a spherical dischargefor =1 (r;=1cm, r,=11cm).

above. The procedure was repeated until the solutions
converged to final distributions satisfying the Boltz-
mann equation, the equation of ion motion, and Pois-
son’s equation. In general, the number of iterations
required to achieve the convergence was about ten. The
final distribution of the axial electric field was found to
be independent of the choice of theinitial electric field

distribution E°(r).

3. RESULTS

The iterative solution described above yielded the
spatia evolutions of the EEDF in a plane (Fig. 2a) and
aspherical (Fig. 2b) discharge. Figures 2aand 2b show
how the logarithm of the isotropic part of the EEDF
(plotted on the vertical axis) depends on the U and r
2004
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coordinates. We can see that, as the distance from the
anode decreases, the hump in the EEDF is periodically
displaced toward higher kinetic energies. When the
hump reaches the threshold for the excitation of thefirst
energy levels, it appearsin the low-energy range of the
EEDF. Then, this process repeats over and over again.

Themodel constructed here gives different solutions
for different ranges of the parameter a. For a > 0, the
electric field becomes negative in some regions. The
proposed model cannot be applied to this case because
of the appearance of regions with potential wells that
trap the electrons. Initially, when we did not switchto a
moving frame of reference, we found that, in the course
of numerical solution, the electric field distribution
always lagged behind the electron density distribution
in phase. Passing over to a moving reference frame
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Fig. 3. Distributions of the electric field and el ectron density
and distribution of the difference between the ion and elec-
tron densities in a plane stratified discharge in argon at a
pressure of p = 0.5 torr for a =-0.5.

allowed usto appropriately adjust the electric field dis-
tribution to the electron density distribution: in the
range —1 < a < -0.25, the iterative process converged
and the amplitudes of the final distributions of all the
plasma parameters became larger. The strata were
observed to move from the cathode toward the anode.
Intherange—0.25 < a < 0 (thevalue a = 0 corresponds
to standing stratd), the iterative process diverged. For
o <-1, aregion appeared inwhich theelectricfield dis-
tribution was nonphysical (with wells in place of
humps). The solutions that will be presented below
were obtained for a definite time and for the value a =
0.5, at which the amplitude of al the distributions
remained large and the iterative process converged
fairly rapidly.

Figure 3 illustrates the distributions of the self-con-
sistent electric field, electron density, and space charge
in a plane discharge. We can see that the electric field
possesses a nonsinusoidal structure with very pro-
nounced periodic peaks. The electron density issimilar
in structure to the electric field, but the electron density

FEDOSEEV, SUKHININ
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Fig. 4. Distributions of the electric field and electron density
in a spherical stratified discharge in argon at a pressure of
p=0.5torr for=1.

variations are in antiphase with the electric field varia-
tions. In our model, the distribution of the electrons dif-
fersfromthat of theions. The deviation from the charge
neutrality in the PC of aplane dischargeis on the order
of |An|/n; ~ 102-1073. The distribution of the space
charge resembl es periodic damped double layers.

In a spherical discharge, the spatial separation
between the strata and their velocity depend on the
parameter 3. Our simulations were carried out for two
different 3 values. For 3 = 2, the mean electric field E(r)
and the velocity of the strata v, remain constant. The
strata are equidistant; their amplitude decreases toward
the anode only at the expense of elastic losses. In the
radial direction, the electron density ng(r) changes, on
the average, in inverse proportion to the square of the
distance from the anode. Analogous radial profiles of
the electron density in spherical glow discharges were
obtained in the drift-diffusion approximation [14]. For
B = 1, the mean electric field and the ion and electron
densities, n; and n,, change in inverse proportion to r
(see Fig. 4). In this case, the velocity of the strata
decreases with distance from the anode and the spatia
separation between the peaks in the electric field
decreases toward the anode.

Calculation of the radii of the corresponding strata
from the position of the peaks in the distribution of
PLASMA PHYSICS REPORTS  Vol. 30
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energy loss for the excitation of the first energy state
shows that, for 3 = 1, they follow a geometric progres-
sionr, =r,K" Figure 5 showstheratio of the radius of
the nth stratum, r,, to the radius of the first stratum, r,,,
for different argon pressures. The coefficient K is seen
to lie within the range K ~ 1.31-1.36. The same result,
namely, K ~ 1.3-1.5, was obtained in a number of
experiments aimed at studying the stratification of
spherical discharges in nitrogen with a small acetone
admixture [6].

That the height of the peaks in the calculated pro-
files of the discharge parameters decreases toward the
anodeisrelated to the elastic losses and the presence of
inelastic energy losses that have thresholds of similar
magnitude. When there are no elastic losses and when
thereisonly one energy loss process with the threshold
U, and with a large cross section (the black wall
approximation), the distributions of the macroscopic
parameters are undamped and the spatial separation
between the strata correspondsto thelength L = U, /eE°,
over which the electrons acquire the energy U, in the
eectricfield [15]. Thisloss mechanism operatesto pro-
duce a periodic resonant electric field in which the
hump of the electron distribution function transforms
into narrow peaks moving along the resonant trajecto-
ries (the so-called bunching effect [16]). As early as
1952, Klyarfel’d [17] pointed out that stratification in
the PC can result from an analogous mechanism by
which the electrons periodically gain energy in the
electric field and lose it in in€lastic collisions. In fact,
thefirst thorough analysis of the kinetic mechanism for
stratification was made by Tsendin [15].

An important aspect of the analysis of solutions to
the Boltzmann equation for the EEDF isto consider the
moments of the distribution function. Multiplying
Eqg. (5) by unity and by U and integrating over theentire
energy range under consideration, we arrive, respec-
tively, at the particle and energy balance equations. The
electron balance equation has the form

ST = 0 (19

wheretheintegral j, (r) isgiven by formula(8). The sat-
isfaction of Eq. (19) served asan additional criterion for
the correctness of the simulations based on Eg. (5).

In the plane discharge model, the EEDF is normal-
ized so that the electron density at the entrance to the
PC is about n, = 10° cm. In the spherical discharge
model, the distribution function is normalized to the
magnitude of the discharge current at the cathode,

2 .
J = 4mr_ej (ro).
PLASMA PHYSICS REPORTS Vol. 30

No. 12 2004

1067

rn/rO
101 —

Fig. 5. Ratio of theradius of the nth stratum, r,, to theradius
of the central (n = 0) stratum vs. number of the stratum for
discharges in argon at pressures of p = (1) 0.5, (2) 1.0,
(3) 1.25,and (4) 1.5torrand 3 = 1.

The discharge current was chosen to be 10 mA, which
corresponds to experimental regimes of the stratifica-
tion of spherical discharges.

The electron energy balance equation has the form
240m,) = PO -PUO-S PO, o
rndr u 4 k ’

where the electron energy flux density j(r) is given by
the formula

00

i,(r) = %A/Zlmj'fr(u, r)u2du. @1)
0

The gradient of the electron energy flux density is
determined by the difference between the energy
acquired by the electronsin the electric field,

P'(r) = —j.(r)eE(r),

and the energy lost by them in elastic collisions,

(22)

<)

PP(r) = 2& 2/mJ’U2NQd(U)f0(U,r)dU, (23)
0
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(circles) and from energy IossesZPLn inal inelastic colli-
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Fig. 7. Radial profile of the absolute value of the energy
gan pf (solid curve) and radia profiles of the energy losses
ininelastic collisional processes: P, (circles), P, (squares),
P; (diamonds), and P,.,;, (triangles), for a discharge in
argon at a pressure of p = 0.5 torr. The dashed curve shows
the energy flux gradient.
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and in different inelastic collisional processes,
P(r) = UL“A/Z/mIUNQLn(U)fO(U,r)dU. (24)
0

Thedischarge plasmacan exist either in a state dom-
inated by elastic energy losses (see formula (23)) or in
a state dominated by inelastic energy losses (see for-
mula (24)). Figure 6 shows how the relative contribu-
tions of elastic and inelastic energy lossesto the energy
bal ance depend on argon pressure for a plane discharge
in an electric field with the mean strength (ECE 4 V/cm.
It can be seen that, at high pressures (p > 1.5 torr), the
energy losses in elastic collisions predominate over
those ininelastic collisions; in this case, the gradient of
the electron energy flux density isindeed small in com-
parison to the remaining terms in the energy balance
equation. The plasma state is homogeneous; hence,
nonlocal effects can be ignored. We found that, at high
argon pressures (p > 1.5 torr), the strata do not arise
because much energy is lost in elastic collisions. This
case can be described in the so-called local field
approximation.

At lower argon pressures, p < 1.5 torr, elastic losses
cause the amplitudes of al the distributions to decrease
dlightly toward the anode; in this case, the lower the
argon pressure, the more pronounced the nonloca
effects. Figure 7 showsthe radial profile of the absolute
value of energy gain (22) and the radia profiles of
energy losses (24) (normalized to Pf) in each of the
inelastic collisional processes. The simulations were
carried out for an argon pressure of p = 0.5 torr and for
amean electric field of [(EC 6 V/cm. Under these con-
ditions, the elastic energy loss given by expression (23)
is relatively small and the energy density gradient is
comparable in magnitude to the terms describing
energy lossesin inelastic collisions. The energy gained
by the electronsin the electric field is displayed by the
solid curve. The curves showing the energy losses in
inelastic collisions are dlightly shifted in phase with
respect to the solid curve and are al so shifted somewhat
toward the anode. The loss term having the maximum
amplitude corresponds to energy losses in the process
with the lowest energy threshold (11.3 €V). The phase
shift between the energy gain profile and the profile of
the energy lossesin ionization processes with an energy
threshold of 15.7 eV isthe largest, A(P', P,,;,) = Tt It
is the phase shift between variations in the energy loss
by ionization and in the electron density that gives rise
to an ionization wave—the strata.

Figure 8 shows how the spatial separation between
the strata in a plane discharge depends on the electric
field. The points calculated for different argon pres-
sures and different magnitudes of the mean electric
field are seen to lie essentially on the same curve. From
this figure, we can conclude that, for a given value of
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Fig. 8. Length of the strataasafunction of the reduced elec-
tric field in a plane discharge.

the reduced electric field E/p, the spatial separation
between the strata is inversely proportiona to the gas
pressure, L ~ 1/p.

4. CONCLUSIONS

We have developed a one-dimensiona self-consis-
tent model of moving strata in a plane and a spherical
glow dischargein argon. The model is based on solving
the nonlocal Boltzmann equation, the nonstationary ion
balance equation, and Poisson’s equation by the itera-
tive method. Using this model, we have described the
electron and ion plasma components and have deter-
mined the distribution of the self-consistent electric
field in the PC of a discharge. In the self-consistent
model, the spatial period of variation of the macro-
scopic parameters under consideration is determined
automatically, without invoking a prescribed spatial
period of the electric field.

The main results obtained with the help of the pro-
posed model are as follows:

(i) Inthe stratified PC of a plane discharge, the elec-
tric field distribution is periodic but possesses a nonsi-
nusoidal structure. The distribution of the electric field
is peaked at the positions of the strata, and the electron
density distribution lags behind the field distribution in
phase by half aperiod. The degree to which the PC of a
plane discharge is nonquasineutral is on the order of
|An|/n; ~ 1072-1073; in this case, the distribution of the
positive space charge resembles double layers.
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(i) The model predicts the existence of moving
stratain dischargesin argon at low pressures. It is only
when the strata move from the cathode toward the
anode that the phase shift between the electric field and
electron density distributions is adjusted self-consis-
tently and peaks in the distributions of al the parame-
ters grow resonantly.

(iii) At low argon pressures (p < 1 torr), when energy
lossin elastic collisionsis small, the distributions of all
macroscopic plasma parameters are spatialy periodic.
At higher pressures (p > 1 torr), the amplitudes of all
the distributions decrease strongly toward the anode
because of the large energy lossin elastic collisions.

(iv) For a given magnitude of the reduced electric
field E/p, the spatial separation between the strata is
inversely proportional to the gas pressure, L ~ 1/p.

(v) For B = 1, the proposed model of aspherical dis-
charge makes it possible to confirm the validity of the
experimentally obtained dependence of the radii of the
strata on their numbers.

It should be noted that the model presented here can
be used to describe stratification in discharges in noble
gases at low pressures (p < 1 torr). The subject of our
ongoing studies will be to perform calculations for
high-molecular gases and to adequately take into
account the phenomena occurring in them. For dis-
chargesin gases at higher pressures, it is al so necessary
to account for metastabl e particles and stepwise ioniza-
tion processes. In addition, the right-hand side of the
ion balance equation should be supplemented with the
terms describing ionization and recombination pro-
cesses; in simple models (including the model devel-
oped here), the contributions from ionization and
recombination are assumed to cancel one another out.
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Abstract—An exact solution is derived to the equations of vortex electron anisotropic hydrodynamics for a
plasmathat is unstable against the Weibel instability driven by the electron temperature anisotropy. This solu-
tion describes saturation of the Weibel instability in the single-mode regime with an arbitrary wavelength and
corresponds to a standing helical wave of magnetic perturbations in which the amplitude of the generated mag-
netic field varies periodically over time. The longitudinal and transverse (with respect to the rotating anisotropy
axis) plasmatemperatures are subject to the same periodic variations. In this case, the maximum magnetic field
energy can be on the order of the plasmathermal energy. © 2004 MAIK “ Nauka/Interperiodica” .

A plasma with anisotropic electron temperature is
unstable against electromagnetic perturbations in
which the magnetic field is generated on a characteris-
tic time scale that is much longer than the period of the
electron plasma wave [1]. The nonlinear stage of the
Weibel instability is, as a rule, studied by means of
numerical simulations[2—9]. On the other hand, the so-
called vortex electron anisotropic hydrodynamics
(VEAH) model, which was proposed at the end of
1980s, provides afairly efficient tool for developing an
analytic theory of the Weibel instability. With this
model, for instance, two classes of analytic solutionsto
the VEAH equations were obtained: self-similar explo-
sive solutions [10-13] and single-mode periodic solu-
tions [14-16]. The present study, whose am is to
extend the second class of solutions, is a continuation
of paper [16], in which along-wavelength single-mode
solution was derived that described a standing magnetic
structure produced in a plasma without changing its
anisotropic pressure. Below, a solution will be obtained
that describes the same type of magnetic structure but
with an arbitrary wavelength. The single-mode solution
that was found in [14] corresponds to the casein which
the pressure is constant along the generated magnetic
field. The solution obtained in our study correspondsto
self-consistent pressure variations along the magnetic
field. In addition, this solution provides a physicaly
clear interpretation of the relevant nonlinear plasma
state in terms of spatiotemporal variationsin the direc-
tion of the anisotropy axis and periodic variations in
pressure both along and across this direction.

The nonlinear evolution of a plasma with anisotro-
pic electron pressure is described by the following

VEAH equations for the magnetic field B and pressure
tensor I]E’ [17]:

QJIQ,

U
[ﬂ
in

DBI:I

C_
w;

= C—22V x [(9 DV)Q—C—ZZ((V x Q) V)V x sz}
OJp wp

1 o
—n V(v aP), ey

oP

FIl +J((V Q) (V)P

+C—22{([FDDV)V><Q} = {PxQ}.
(‘op

Here, Q = eB/mc is the electron cyclotron frequency;
w, = (4me’n/m)' is the electron plasma frequency; e
and m are the charge and mass of an electron; n is the
electron density; and the braces{ ...} indicate symmetri-
zation of the tensor, i.e., {A;} = A; + A;. Equations (1)
describe the vortex motions of the electron plasma
component with negligible variations in the electron

density n. For a plasma with anisotropic pressure I]E’ =
Pjnn + P(1 —nn) (where P, > Py, n is a unit vector,

and | denotes the unit tensor), the linearized set of
Egs. (1) describes a Weibel instability whose growth
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Fig. 1. Evolution of the magnetic field (heavy solid curves),
the transverse pressure (dashed-and-dotted curves), the lon-
gitudinal pressure (dashed curves), and the z component of
the anisotropy vector (light solid curves) for an initial mag-
netic field strength of By = 0.01; a pressure anisotropy of
Pro/Pjp = 10; and k = () 0.5, (b) 1, and (c) 2.

rate is maximum across the direction in which the pres-
sureis higher (i.e., aong the unit vector n).

In [17], adescription of the plasmain terms of the
evolution of the anisotropy vector n was developed for
the case of a uniaxial anisotropy and long-wavelength
vortex structures occurring on spatial scales much
longer than c/w,. The corresponding (ck < wy) one-
dimensional solution for ahelical magnetic structure of
the form B = {B(t)sinkz, B(t)coskz, 0} in a plasma
with anisotropic pressure (P = const, P, = const) was
obtained in [16]. Here, that solution is extended to the
case of an arbitrary wavenumber, k = wy/C, by intro-
ducing the time dependence in the following way:
Z) = {sin®coskz, sin®sinkz, cos®} with n(0, 2) =
{0, 0, 1}.Asaresult, Egs. (1) reduces to the following
set of ordinary differential equations:

p

Inthelimitt — 0, when eB/mc = Q = Q,and ® =0,
Egs. (2) describe an exponential increase in the mag-
netic field at arate equal to the growth rate of the Wei-

bel instability, (k//mn)./Puo/(1+c’Kwl) =Py,

provided that Py, > Py(0)(1 + ¢*¢/w;). In what fol-
lows, it is assumed that the last inequality holds. In the
long-wavelength limit, ck < wy,, Egs. (2) degenerate
into a set of two equations for Q and ® with constant
pressure components P and P, yielding the same
result as that obtained in [16].

The set of ordinary differential equations (2) hasthe
integrals

2 2
PP5 = PioPoo.

0
0+ K% -0?)
0 w0 3)

2

w
Zg(Puo —Py—2Py + 2Pp)

mn

and thus is rather easy to solve numerically. Here, the
solutions to Egs. (2) areillustrated in terms of dimen-
sionless variables, specifically, the time, the coordinate
(the inverse wavenumber), the pressure components,
and the magnetic field are expressed in units of

(c/uy,) JNM/Pg, /Wy, Pryp, and JATP o, respectively.
Figure 1 shows the solutions for the magnetic field B;
the transverse and longitudinal pressure components,
P,and Py and the z coordinate of the anisotropy vector,
n, = cos®. Theinitial exponential increase in the mag-
netic field is accompanied by a decrease in the higher
(transverse) pressure component and an increase in the
lower (longitudinal) pressure component. After the
magnetic field saturates, it decreases to itsinitial value
and the plasma pressure components also relax to their
initial values. The process then repeats itself periodi-
cally. For small wavenumbers, k < 1, the anisotropy
PLASMA PHYSICS REPORTS  Vol. 30
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Fig. 2. Field of the anisotropy vector n intheregion 0 < z< 1rk for aninitial magnetic field strength of By = 0.01, a pressure anisot-

ropy of Pmy/Pjp =10, andk=1att=(a) 0, (b) 10, and (c) 12.

vector reverses its direction during plasma relaxation
(seeFigs. 1a, 1b). The reverse occurs at about the same
time the magnetic field reaches its maximum value
B..x- A regime with aflip-over of the anisotropy vector
does not arise in the case of large wavenumbers k > 1
(seeFig. 1c).

The period T of the nonlinear oscillations depends
on the wavenumber and theinitial magnetic field B,. As
in the long-wavelength limit [16], this period increases
logarithmically with decreasing B; i.e., T [ InB,. When
the degree of pressure anisotropy is high (Po/P; > 1),
the oscillation period isminimal at k~ 1 and can be esti-
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mated in order of magnitude by itslimiting (atk — 1)
vaue in the Ilong-wavelength theory: T ~
(4/ \/Pp)In4/B,,. For both long (k < 1) and short (k> 1)
wavelengths, the maximum magnetic energy islow in
comparison to the plasmathermal energy; however, for
k ~ 1, these energies are comparabl e; quax /ATP = 1/4.
The magnetic energy averaged over the period of non-

linear oscillations is always much lower than the
plasmathermal energy.

Physically, the Weibel instability is stabilized by the
following two effects. a self-consistent decrease in the
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degree of plasma anisotropy during the generation of
the magnetic field (see Egs. (1)) and spatial variations
in the direction of the anisotropy vector. In the long-
wavelength limit (k < 1), the second effect isinsignifi-
cant [17] (whichisclearly demonstrated in Fig. 14). In
thiscase, theinstability saturation is associated with the
rotation of the anisotropy axis [16]. Spatiotemporal
variations in the direction of the anisotropy vector are
illustrated in Fig. 2.

To conclude, note that the above analytical solution
to the VEAH equations describes the relaxation of the
Weibel instability in a single-mode regime in which a
helical magnetic structure consistent with the formation
of helical pressure anisotropy is generated. The solu-
tion for periodic time variations in the magnetic field
and plasma pressure components is qualitatively simi-
lar to that obtained earlier in [14, 15]. The difference
lies primarily in the structure of the anisotropic pres-
sure tensor, but there are also dight differencesin the
shapes and amplitudes of the magnetic pulses. The
solution obtained has a physically clear interpretation:
the instability saturates because of a decrease in the
degree of anisotropy and the rotation of the anisotropy
axis. It should be noted that three-dimensional numeri-
cal smulationscarried out in[9] revealed the formation
of a one-dimensional helical magnetic structure. This
result allows one to suppose that the solution derived
here plays the role of an attractor for a three-dimen-
siona relaxation of the Weibel instability. It is worth-
while to carefully check this supposition (both theoret-
ically and numerically) in view of the opportunity to
verify it in the unique experiments that are planned for
the near future as part of a project on an ultra-high-
brightness free-electron laser [18]. In the interaction of
a short high-power X-ray pulse with a gas, the Weibel
instability isvery likely to occur asaresult of photoion-
ization, which leads to anisotropy in the el ectron veloc-
ity distribution.
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Abstract—Results are presented from numerical simulations that show that, in a plasma with well-devel oped
turbulence, the radial electric field can be positive in the region where the gradients of the plasma parameters
are steep. In aplasmain which the turbulenceis suppressed (asisthe case with auxiliary lower hybrid heating),
theradia eectric field isfound to exhibit anearly neoclassical behavior during the formation of atransport bar-
rier and transition to the H-mode. © 2004 MAIK “ Nauka/| nterperiodica” .

1. INTRODUCTION

In experiments on the FT-2 tokamak, it was
observed that, during the RF heating of the plasmaions
by lower hybrid (LH) waves, the plasma evolved into
an improved energy and particle confinement regime
[1]. During auxiliary plasma heating, steep gradients
were found to arise on the el ectron density and ion tem-
perature profiles in the region r = 4.5-6 cm, thus indi-
cating the formation of an internal transport barrier
(ITB) there. Additional on-axis heating of the plasma
electrons that was observed during RF heating was
attributed to a sharp decrease in €l ectron heat transport.
Furthermore, after the LH heating pulse had cometo an
end, an L—H transition was detected. The transition was
accompanied by the formation of an external transport
barrier (ETB) in the vicinity of the last closed flux sur-
face (LCFS), whose position in the tokamak was con-
trolled by a poloidal limiter of radiusr, = 7.8 cm. The
fact that the particle and energy confinement times both
increase, while the recycling of neutral hydrogen at the
plasma edge becomes far slower, isin good agreement
with the data from spectral, bolometric, diamagnetic,
and other measurements [1]. In a number of papers
(see, eg., [2]), it was suggested that the main mecha-
nism responsible for suppressing anomalous transport
in atokamak plasmais an increase in the shear of the
poloidal plasma rotation. In our experiments, the
increase in the shear of the poloidal E x B plasmarota
tion was governed by the steepening of the ion temper-
ature and electron density gradients, VT, and Vn,, inthe
region r = 4.5-6 cm. The hypothesis that was proposed
to explain these experimental data implied that the
shear of the poloidal rotation frequency we x5 increases
because of the efficient ion heating, which resultsin a
steepening of theion temperature gradient in the region
r = 4.5-6 cm. This hypothesiswas confirmed by numer-
ical simulations carried out with the BATRAC transport
code [3]. The fact that a considerable increase in the

radial electric field amplitude |E;| is governed by the
steepening of the ion temperature and electron density
gradients, VT, and Vn,, was also supported by compu-
tationswith the ASCOT code [4], in which the distribu-
tion function of the plasma ions was simulated by the
Monte Carlo method. The experimental verification of
the above hypothesis was based on direct spectral and
probe measurements of the radial electric field E, [5].
The measurement results are as follows:

(i) The negative radial electric field E, does indeed
increasein absolute value within the gradient region. In
[5], it was shown that, in the region where the ITB
forms, the radial electric field E, increased from —10 to
—23 kV/m. These values are somewhat higher than the
neoclassical ones [6, 7] and agree better with those
computed by the ASCOT code, in which the radia
ambipolar electric fields are modeled with allowance
for nonambipolar ion fluxes.

(ii) In different stages of the discharge, the radial
electric field near the LCFS (at the plasma edge) can
become positive, which contradicts the generaly
accepted neoclassical theory [6] and requires a special
explanation. It should be noted that similar experimen-
tal results (i.e., showing that the field E, becomes posi-
tive at the discharge periphery) were reported in several
other papers (see, e.9., [8]). Such behavior of E, in the
edge plasma indicates that the longitudinal force bal-
ance in this region is more complicated than that con-
sidered in the generally accepted neoclassical theory
[6] and should thus be further refined in order to pro-
vide a correct description of the observed phenomena.
The objective of the present paper is to resolve the
existing contradiction between the experimental data
and the views based on the standard neoclassical
theory.

It iswell known that, during an L—H transition, the
parameters of the wall plasma can change substantially

1063-780X/04/3012-0983$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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on spatial scales comparableto the poloidal ion gyrora-
dius. Under these conditions, the profile of the radia
electric field can be affected not only by the longitudi-
nal ion viscosity [9, 10] but also by the anomalous ion
inertiaand obliqueion viscosity. The effect of the latter
two factors isimportant only when the gradients of the
plasma parameters are sufficiently steep. Analytic
expressions for the anomalous ion inertia and oblique
ion viscosity were first derived by Rozhansky and Ten-
dier [9]. Here, we suppose that the observed profile of
the radial electric field E, in FT-2 tokamak experiments
can be explained by taking into account anomalous
inertia and oblique viscosity, which play a significant
role at the discharge periphery.

Our paper is organized as follows: In Section 2, we
describe a theoretical model constructed with allow-
ance for the anomalous effects associated with the
plasma microturbulence. In Section 3, we analyze the
results of numerical simulations carried out on the basis
of the model proposed. In the Conclusion, we present
the main results of our study and compare them to the
experimental data.

2. PHYSICAL MODEL

We consider a hydrodynamically equilibrium toroi-
dal plasma column in the ideal MHD approximation.
Taking into account the geometric parameters of the
FT-2 tokamak (R=0.55m, r, =0.079 m, Iy =22 KA,
and B, =2.2T), we consider amagnetic field model cor-
responding to the case of small toroidal nonuniformi-
tiesand circular flux surfaces:

B(r)e; +e
%1 +¢(r)cosd’

where &(r) = r/R, < 1 isthe inverse aspect ratio, 6(r) =
e(n)/q(r), q(r) isthe safety factor, and R, is the tokamak
major radius. Representation (1) iswritteninacurvilin-
ear coordinate system in which the element of lengthis
defined by

B = 1)

di® = gndrz + gzzd192 + g33d22, (2)

where g,; = 1, gy, = 1%, and g3 = (1 + €cosd)? are the
metric tensor componentsand e,, ey, and e, are unit vec-
tors corresponding to the radial, poloidal, and toroidal
directions in a quasi-toroidal coordinate system,
respectively.

In order to obtain an expression for the radial com-
ponent of the electric field, we consider the longitudinal
force balance equation

(B OV Ot)0 = —-[F [(BO 3)
Here, Tt istheion viscosity; F istheinertial force; and

the angle brackets denote averaging over the flux sur-
face,

LASHKUL, POPOV

2n
-1
0.0= ZHI...@d&
0

Following [9, 11], we represent the ion viscosity as
the sum of neoclassica and anomalous viscosities:

=1 + 71 Wealso assumethat F = FAY), In
terms of the averaged longitudina ion velocity uy; =
(u; - B[J|B|, the anomalous viscosity and inertial force

can be written as

(AN) _ ouy |
F m,neu,————ar , “
B e = 100,0un
|B] ror or [

wheren, isthe electron density, m isthemassof anion,
n isthe anomalous viscosity coefficient, u, ; isthe lon-
gitudinal ion velocity, and u, is the radia plasma drift
velocity in the ambipolar electric field. In our simula-
tions, u, is given by the expression

o = _2dn
r ndr’

where D is the anomalous diffusion coefficient. The
anomalous viscosity coefficient n can be estimated by

(6)

The longitudinal plasma velocity can be represen-
ted as

&)

n dbDmn,.

@)

where 0, = [1,/(1 + ecos9)L]We have no direct exper-

imental data on the toroidal rotation velocity @, in the
plasma of the FT-2 tokamak. However, if there are no
external factors (such as, for example, auxiliary NBI
heating), we can assume that 0, = 0. Substituting
expressions (4) and (5) into Eq. (3) and using represen-
tation (7), we obtain the following second-order differ-
ential equation for the poloidal rotation velocity:

u”’i = DZ+ 9V3/(1 + SCOS'S),

B Qv 2 AV,
e—BO—(1+2q )n.m;u, 3 ©
2,10 oVy _
+(1+2q)r6r o= 0

The neoclassical ion viscosity B - (V - Tt )[NEO) js

described by the expression B - (V - 1)) =

nm u(Vs — V,E,NEO)), where the coefficient 1 depends

onthe collisionality regime. When theion inertiacan be
ignored, the right-hand side of Eq. (8) vanishes and the
plasma rotation velocity is given by the neoclassical
PLASMA PHYSICS REPORTS  Vol. 30

No. 12 2004



EFFECT OF ANOMALOUS ION INERTIA AND OBLIQUE ION VISCOSITY

formulaVy = VéNEO) = (1 — ky)c/(eB,)aT;/or, where the

coefficient k; is equal to 2.69 in the Pfirsch—Schliter
regime, to 1.5 in the plateau regime, and to —0.17 in the
banana regime [7]. Depending on the experimental
conditions, the plasmain the FT-2 tokamak isin one of
the two collisionality regimes: the plasma at half the
minor radius is in the plateau regime, while the edge
plasma is in the Pfirsch-Schliter regime. In order to
describeall collisionality regimes, we represent i inthe
form

pl
= b ©)
1+ u”

where pP! and pP* are the values of W in the plateau and
Pfirsch—Schlter regimes, respectively. Using explicit
expressions for the neoclassical ion viscosity [6, 7], we
rewrite representation (9) as

_ 1Jﬁ q’vy
H=3|5——=——5Bo.
2N21+0.87v,/V;
ti

wherev; istheion collision frequency and v;* = (:;/_RO is
the threshold frequency between the plateau and Pfir-
sch—Schllter regimes. Representation (9) provides an
asymptotically correct description of the coefficient p

for both of these regimes. For €¥?v’ < v, < v, we

(9a)

_ 1 mqvy

have i = Pl = é«/%EHBO’ and, for v¥ < v, we have
3 v,

H = p»® = 0.96 “280. Taking into account the

4Vi Ro
parameters of the FT-2 tokamak discharges (q ~ 57 at
the plasma boundary) and assuming that estimate (6) is
an exact equality, we reduce Eqg. (8) to a form that is
more convenient for examination and numerical com-
putation:

2
d"Vy
dr?

8T+ () (Vs V™) = 0, (@

where gi(r) =

1 1 m Vv _
GD(r)44/;1+0.87vi/vi* and &0 =
dinn, dInD
dinr dinr
follows. Let the plasmarotation velocity Vg vary on the
scale |y. Under the conditions g > 1/Iy, /1/(aly)
(where a is the tokamak minor radius), the poloidal
rotation velocity and theradial electric field are closeto

their neoclassical values [7], Vs = VLS,NEO) and E, =

EM = (T /e)(dInng/dr + kedInT;/dr). Accordingly,

+ 1. Equation (8a) can be analyzed as
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Fig. 1. Profiles of the neoclassical radial electric field calcu-
lated without allowance for anomalous viscosity and inertia
for three different times during a typical FT-2 discharge
with auxiliary LH heating: () in the ohmic heating phase,
(2) in the LH heating phase, and (3) in the post-heating
phase.

for g ~ 1/1y, ./1/(aly), the terms with spatial deriva-
tives in Eq. (8a) are important. In this case, the radial
electric field differs from its neoclassical value. For
arbitrary radial profiles D(r), ng(r), and T,(r), Eq. (83)
can be solved only numerically. In the next section, we
will exemplify this solution.

3. NUMERICAL SIMULATIONS

To calculate theradial electricfield profile by means
of Eg. (8a), we took the experimental data on the ion
temperature T;(r) and electron density n(r) from [1].
Using the data published in[1, 3], we approximated the
profile of the anomal ous diffusion coefficient by D(r) =
Dy[1.2 + 3.5(r/a)?], where D, = 4 x 10° cm?/s. In calcu-
lating the radial electric field, the numerical coefficient
kr, which depends on the collisionality regime, was
described by the approximate expression proposed in
[6]. Having specified the diffusion coefficient D(r) and
having chosen typical experimental dataontheiontem-
perature T, (r) and el ectron density ng(r) [1], we can cal-
culate the coefficients of differential equation (8a). We
note that, at the center of the plasma column, anoma-
louseffects play anegligiblerolein theformation of the
profile of the poloidal rotation velocity. In the axial
region, the radial electric field is, with good accuracy,
close to its neoclassical value, and it is only in the
region of steep gradients at the discharge periphery that
the radial electric field is far from being neoclassical.
This enables us to impose the boundary conditions

(NEO)
(NEO) dVv,

dv
Vol|,oo=Vs  an =2

ar |, -0 dr
solving Eq. (84a) with the prescribed boundary condi-
tions by the Runge—Kutta method, we can obtain the

. Hence, by
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Fig. 2. Radia electric field calculated by using Eq. (8a) for
thesametimesasin Fig. 1.
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Fig. 3. Measured profiles of theradial electric field [5]: pro-
file I refers to the beginning of the RF pulse (30 ms), pro-
files 2 and 3 refer to the LH heating phase (31 and 34 ms,
respectively), and profiles4 and 5 refer to the H-modein the
post-heating phase of the discharge (38 and 40 ms, respec-
tively).

profile of the neoclassical radial electric field. Figure 1
shows the neoclassical radia field profiles calculated
without allowance for the effects of anomal ous viscos-
ity and inertiaand by using the above experimental data
on theion temperature and electron density profiles[1]
for three different times during atypical discharge. Fig-
ure 2 presents the results from solving Eg. (8a) numer-
icaly. A comparison of Figs. 1 and 2 shows that the
main difference between the radial electric field calcu-
lated from Eq. (8a) and the neoclassical radial electric
field liesin the fact that the former can become positive
at the plasma edge. This agrees with the experimental
data from spectral and probe measurements at r =

LASHKUL, POPOV

5-7 cm [5]. Theresults of these simulations allow usto
draw the following conclusions:

(i) At the center of the plasma column, the radial
electric field is close to its neoclassical value.

(if) Near the wall, the neoclassical field is seen to
differ appreciably from that calculated with allowance
for inertia and anomal ous viscosity. For the chosen val-
ues of the anomalous el ectron diffusion coefficient, the
calculated results are seen to correlate with the experi-
mental data before and during the LH heating phase
(Figs. 1, 2; curves 1, 2). In the post-heating phase, the
measured radial electric field isnegative, E, <0 (Fig. 3;
curves 3, 4), while the calculated values of E, at the
plasma periphery are positive (Fig. 2, curve 3). Thisis
likely related to the suppression of turbulence in the
post-heating phase [12].

Hence, one of the possible mechanisms by which
the radial electric field E, can become positive near the
separatrix is associated with the effect of inertia and
anomalous viscosity, which in turn have their origin in
well-devel oped plasma turbulence.

4. CONCLUSIONS

Our simulations have shown that, in a plasma with
well-developed turbulence, the radial ambipolar elec-
tric field can be positive in the region of steep gradients
of the plasma parameters. One of the possible mecha-
nisms that cause the radia electric field to deviate
strongly from its neoclassical values is associated with
the inertia and anomalous viscosity of the plasma. In
our simulations, these two plasma parameters were
introduced empirically. In a plasmain which the turbu-
lence is suppressed (as is the case with auxiliary LH
heating), the radial electric field exhibits a nearly neo-
classical behavior during the formation of a transport
barrier and transition to the H-mode. According to our
numerical analysis, this neoclassical behavior results
from a reduction in transport coefficients at the dis-
charge periphery and from a decrease in the level of
anomalous viscosity. Such behavior of the radial elec-
tricfield E, isconfirmed by the experimentally obtained
profiles4 and 5in Fig. 3 (which reproduces Fig. 6 from
[5]): these profiles show the radial electric field in the
H-mode and differ from profiles 1 and 2 (which corre-
spond to the ohmic heating phase and the initial phase
of LH heating) in that the radial electric field is every-
where negative.
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Abstract—Theclassical (for the Grad—Shafranov equation) formulation of the equilibrium problem for acylin-
drical current-carrying plasma column is shown to admit multiple solutions. The multiple solutions are bifur-
cational in character and appear due to the nonlinearity of the equilibrium equation. Thiswas demonstrated ana-
lytically using a stepped current profile as an example. Bifurcational solutions found for the cylindrical case
survive in toroidal geometry too. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The theory of plasma equilibrium is one the most
extensively developed branches of plasma physics. In
the case of axial symmetry, which is typical for both
astrophysical objects (stars) and fusion devices (like
tokamaks or pinches), static plasma equilibrium equa-
tions can be reduced to a two-dimensional elliptical
(generdly, nonlinear) partial differential equation [1]
supplemented with standard boundary conditions. The
nonlinearity results from the nonlinear dependence of
the current density on the magnetic flux. Asarule, in
the equilibrium problem, this dependenceis prescribed
apriori. The solution to such aboundary problem turns
out to be rather sensitive to the values of the input
parameters that determine the geometry of the plasma
boundary, the magnitudes and profiles of the plasma
current and pressure, etc. Solutions corresponding to a
set of nested magnetic surfaces are usually of practical
interest.

For simple profiles, few exact or approximate solu-
tions are known that correspond well to real experi-
ments, the problem formulation often being mathemat-
ically correct. Note that there is no general claim of
how to correctly formulate the equilibrium problem—
only afew particular cases of the correct problem for-
mulation are known (see, e.g., [2]). Nevertheless, the
viewpoint existsthat, within awide range of parameters
corresponding to appropriate experimental conditions,
the solution describing a set of nested magnetic sur-
faces is unique and is a continuous function of the
parameters of the problem. This opinion is mainly
based on the well developed methods of finding such
solutions numerically.

At the same time, spontaneous transitions from one
steady state to another (such as the so-called L—H tran-
sition [3] and the internal transport barrier formation
[4]) are often observed in tokamaks. These transitions
demonstrate typical bifurcational features, such as fast
changes in the equilibrium parameters (in particular,

the average plasma pressure), hysteresis, etc. There
have been attempts to explain this phenomenon by the
bifurcation of the transport coefficients (as a rule,
anomalous ones [5]), athough, as was shown in [6]
long before the discovery of transport barriers, the neo-
classical transport coefficients also may, in principle,
demonstrate bifurcational behavior. However, changes
in the macroscopic plasma state that result from
changes in transport processes would occur on time
scal es comparableto the plasmalifetime and/or the dis-
sipation time (or to the source/sink time), whereas in
real experiments, they occur much faster.

A fast change in the macroscopic state means that
the plasma leaves its initia equilibrium state, giving
rise to hydrodynamic plasmamotion that can, in partic-
ular, have the form of developed plasma turbulence.
The plasma can then relax into some new equilibrium
state or be maintained by means of instabilities in a
state that can be called equilibrium only on average.
Thisand other similar considerations were discussed in
detail in [7], where the appearance of atransport barrier
was interpreted as a bifurcation of equilibrium. It is
well known that bifurcational transitions occur when
the number of the degrees of freedom of a system is
restricted. The analysis of these restrictions is impor-
tant for determining both the possibility of transition
itself and the admissible changes in the parameters of
the system. In [8], which followed [7] and detailed it,
the conservation of the cross helicity was considered to
be such an additional restriction.

The bifurcational mechanism itself was discussed
neither in [7] nor in [8]. Changes in the equilibrium
state were assumed to be localized in a rather narrow
barrier zone. For example, the assumption regarding a
spontaneous change of the magnetic surface structure
(atransition from an equilibrium with magnetic islands
to nested magnetic surfaces and vice versa) seemsto be
physically reasonable. Zakharov, Smolyakov, and Sub-
botin werethe first to consider this opportunity [9]. The
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idea that the hifurcation of an equilibrium state can
occur without breaking the nested structure of the mag-
netic surfaces has been recently proposed by Solano
[10]. However, there are no accurate calculations
(including numerical) that could explicitly demonstrate
bifurcational transitions in the framework of the above
two hypotheses. It should also be noted that the theory
of bifurcations for boundary problems is still poorly
developed. Catastrophe theory usually deals with the
asymptotic behavior of dynamic systems; this behavior
is determined by the peculiarities of the vector field on
the phase portraits of the systems[11].

In the present paper, we demonstrate the possibility
of the existence of multiple solutions to the classica
problem of the equilibrium of a current-carrying
plasma column. A simple current profile that admits
analytical solutionsis considered. The chosen parame-
trization of the problem allows us to reveal bifurca-
tional transitions between these solutions without
breaking the structure of the toroidally nested magnetic
surfaces. It should be noted that multiple solutions are
related to the nonlinearity of the equilibrium equation,
rather than to toroidal effects (the main result is
obtained for acylindrical plasma column).

The paper is organized as follows. In Section 2, we
present the mathematical formulation of the problem. In
Section 3, the solutions obtained are described and their
bifurcational character is demonstrated. In Section 4,
the results obtained are generalized to the case of toroi-
dal geometry.

2. FORMULATION OF THE PROBLEM

The equilibrium of an axisymmetric plasma is
described in cylindrical coordinatesr, ¢, and z by the
well-known Grad—Shafranov equation [1],

[6[4165 9’

orlrord 55 M

}l]J_—I‘ p'—FF'.

This equation is the projection of the force balance
equation

Vp = (VxB) xB (2)

onto the direction of the gradient of the poloidal flux g
of the magnetic field B, which can be written in a gen-
eral formasB = VU x Vo + FV¢. The two remaining
components of Eq. (2) determine the functional depen-
dences of the plasma pressure p and the poloidal current
F, which, in an axisymmetric case (0/0¢ — 0), are
surface functions:

p=p), F=FuW). (3)

Since 1957, EQ. (1) has been a subject of serious
attention of physicists and mathematicians. Tradition-
ally, dependences (3) are apriori prescribed in acertain
region r, z [1Q in which Eq. (1) is to be solved. The
boundary conditions result from the physical formula-
tion of the problem. An example of bifurcation with a
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free boundary is described in [12], where a possible
transition from atoroidal equilibriumto ahelical oneis
discussed. In the present paper, we consider a fixed-
boundary problem: Y}, ;a0 = Wy, Which corresponds,
e.g., to an experimental situation in which the plasma
boundary is determined by awell-conducting wall. The
guantity ) is equal to the poloidal magnetic flux to
within an arbitrary constant; therefore, the value of  at
the boundary can be set at zero, |, = 0.

There are several known examples [13-17] of ana
lytical solutionsto Eq. (1) in which the functions p'(y)
and FF'() are chosen to be linear. Another well-known
analytical method of solving the equilibrium problemis
the method of moments [18]. In this method, the struc-
ture of the magnetic surfacesisapriori assumed to have
the form

0 = w(a)
O =R+A(a)-(a—e(a)cos20 —...
=(a—e(a)cos20—...)sing,

where the quantities A, €, etc., determine the displace-
ment, ellipticity, and other moments of a magnetic sur-
face with a characteristic radius a (a = const on the
magnetic surface | = const), respectively. The follow-
ing ordering is assumed for the nesting of the surfaces:
A(a) ~ a/R, €(@) ~ a(a/R)?, etc. Here, R is the major
radius of thetorus (it isassumedthat a/R << 1, sowecan
use expansionintheinverse aspect ratio a/R). Substitut-
ing expressions (4) into Eq. (1) and setting the coeffi-
cients by different harmonics of 8 to be zero, we obtain
equations for Y(a), A(@), e(a), etc. In particular, the
equation for Y intheleading order in a/R can bewritten
in the form

) cosB 4)

29 (ayi(a)) = e+ Ry

(5)
which is equivalent to a cylindrical approximation to
within normalizing coefficients. The prime denotes the
derivative over the argument. On the right-hand side of
Eqg. (5), the expressionin brackets,

i) = (6)

isthe toroidal current densty, which is independent of
r in acylindrical approximation.

We normalize the argument a to the plasma column
radius a,, the current density j({) to the characteristic

— vy Rpr

valuej,, and theflux Y to joaf,R and use the same nota-
tion for the dimensionless quantities:

g J . a
—y, = —j, — —ald[o0,1]. (7
R L [0,1]. (7
In dimensionless variables, Eq. (5) takes the form
d : .
(av'(@) = —aj(W). ®)
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Fig. 1. Stepped current profile.

Aswas mentioned above, when solving a problem with
a fixed plasma boundary, we can choose (1) = 0. The
second boundary condition, Y'(0) = 0, ensuresthe regu-
lar behavior of the current density at the column axis.
Thus, we have a boundary problem for the second-
order differential equation. In general, this equation is
nonlinear since the density profile depends on the
unknown function  and this dependence is not neces-
sarily linear.

We consider a stepped current density profile
(Fig. 1)

I = L+ 10—y, )

wherej, >0, j, = 0, and © isthe Heavyside function,

M, x=0

O(x) = x<0 (10)

This choice is justified by the fact that over each seg-
ment with a constant value of |, Eq. (8) can easily be
integrated. On the other hand, for afinite value of j,, the
dependence j(U) is substantially nonlinear. Therefore,
using this profile as an example, we can reveal the prop-
erties of EqQ. (8) that are of interest to us. Moreover, by
increasing the number of steps on the j(Y) profile, it is
possible to model amost every current profile (in this
case, the procedure of solving the problem isonly tech-
nically more complicated).

Finally, for j(Js) given by expression (9), the bound-
ary problem in a cylindrical approximation takes the
form

2 (@w()) = -a(j, + .00~ ),
W(1) =0, W(0) =0

Inthisproblem, j,, j,, and Y, are parameters. In fact,
the set j, and j, contains only one independent parame-
ter because theinitial current density isnormalized to a
certain characteristic value j, and any of the two values
j; andj, can be chosen asj, (provided that it isnonzero);
hence, j is equal to unity on the corresponding segment.

(11)

ILGISONIS, POZDNYAKOV

3. BIFURCATIONAL PROPERTIES
OF THE GRAD-SHAFRANOV EQUATION
IN A CYLINDRICAL APPROXIMATION

In the absence of acurrent jump (j, = 0), the solution
to boundary problem (11) is well known and has the
form of a parabola:

1-a°

W@ = j» (12)

If the current jump is positive (j, > 0) and if Y. > j,/4,
then additional solutions appear:

Y(a)
O Wo—W_aTy, Yo 4o —,)
ELDC+JZD11+12 4D Yiiti, naz(j1+j2)’
EBD(ac,l] (13)
U o a
Ewo—(hﬂz)z, al[o0,a],

where &, is the argument value corresponding to . =
P(@y):
2
llJO _ l-IJc a.
D¢ = ¢ (14)
jitj, 4
Note that solution (13) is smooth at a..

The value of Y at the plasma column axis (Y, =
P(0) = ) isdetermined by the algebraic equation

Wo— I
lIJ JZD11+12 ZD (15)
. qJO_ [ 4(L|JO_ c)
——| L =0
+Jl]1+12 n (J1+12)

If Y. <j,/4, then the parabolic solution vanishes, the
remaining solutions being those described by formu-
las (13) and (15). The number of solutionsto problem (11)
is determined by the number of roots, |, of algebraic
equation (15). This number depends on the values of
the parameters entering into this equation.

To investigate how the number of solutions to
boundary problem (11) depends on the parameters |,
j», and Y., we consider the Cauchy problem for the
same equation,

SRy(af = -a(j.+ 1:0(W-w)),
W(0) = W5, W(0) =0,

where the value (), of the function Yi(a) at the column
axis(a=0)isasyet arbitrary. L et usinvestigate how the
boundary value (1) depends on . We trace the solu-
tionto Eq. (16), whichisequal to Y, at the column axis,
and find the corresponding value of | at the boundary.

(16)

PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004
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Introducing the notation (1) = Y%, we obtain the
dependence Y (W,). The value of |, at which g (W) =0
correspondsto the solution to Cauchy problem (16) that
coincides with the solution to initial boundary problem
(11). Therefore, the number of the rootsto the equation
Pr(YPy) = 0 is equal to the number of solutions to the
boundary problem in a cylindrical approximation. In
order to find the dependence ;(y,), we solve problem
(16) and substitute the boundary value of the argument
a=1linto the solution obtained. Asaresult, we arrive at

W0 = wor 2=+ G+ oI, 17)

where O is the Heavyside function and e is the natural
logarithmic base. It can be seen that ), enters into
Eq. (17) only through the quantity
X = 49.9—9-9 (18)
Jit ]2
The dependence Y;(X) is schematically shown in
Figs. 2 and 3. The function Y;(x) islinear at x < 0 and
reachesits maximum at x = 0. At x> 0, Y (x) hasamin-
imum at X = x* = exp(-1 —j,/j;). The values of ;(x) at
the extremum points are

WP =wi(x=0) = y.- %, (19)

= Z ok — i 0l2tip e
W= (x=x) = G- FepFEE -2 0)

Depending on its extremal values Lp? and 7, the
function Y (x) (and, therefore, Y (Y,)) can have differ-
ent number of zeros. Let us consider three situations:

1If qJ? >0 (i.e, Y, > j,/4), then the function Y;(x)
4L|Jc - j2

Jitiz
In addition, at x > 0, the function (X) has two zeros,
one zero, or no zeros, depending on the sign of Y3
(Fig. 2):

(@ if Y7 >0, thereareno zerosat x > 0;

alwayshasat least onezero at X< 0: X=X=—

(b) if @¥ =0, then, at x > 0, the function Y;(x) has
one zero, X = x*; and

(c) if Y¥ <O, the function Y;(x) has two zeros at
X>0:Xx= X7 andx=X; .

As was mentioned above, each zero of i (x) corre-
sponds to a solution to problem (11). Figure 4 shows
such solutionscalculated for case 1cat Y. =0.28, j, =1,
andj, =1

2.1f qJ? =0 (Y. = J,/4), the dependence Yy (x) has
exactly two zeros (Fig. 3, curve a); this corresponds to
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e

Y

Fig. 2. Schematic profiles of i(x) at ljJ? >0:(a) Y7 >0,
(b) w§ =0, and (c) Y5 <O.

Fig. 3. Schematic profiles of Y(x) at (a) l]J? =0ad
0
(b) ¥y <O0.

0.3 0.5 0.7 0.9 a

Fig. 4. Solutions to boundary problem (11) at g7 <O (see
Fig. 2, curvec) for P.=0.28, j,=1,and j; = 1.



992

Yo

0.35

0.25

[ERENEREERIN!
| | L

0 0.1 0.2 0.3

W

Fig. 5. Dependence Yy(Po) a j; =1.2. The domain corre-
sponding to multiple solutions is marked by dots.

A3

0.10

0.08

0.2 0.4

Fig. 6. Profiles A" (). The dashed and solid lines corre-
spond to AY(r, 2) and AC)(r, 2), respectively.

the existence of two solutions to boundary problem
(12).

3. If lIJ? < 0 (Y < j,/4), there is only one zero

(Fig. 3, curve b) and boundary problem (11) has a
unique solution.

It follows from the above considerations that solu-
tions to the equilibrium problem for a cylindrical cur-
rent-carrying plasma column are bifurcational in char-
acter. By bifurcation, we mean a situation in which
gradual variations in the parameters of the problem (in
our case, ji, jo, and ) result in a stepwise change in
the number of solutions. Aswas shown above, the num-
ber of solutions is equal to the number of zeros of the
function Y;(x). The dependence of the number of solu-
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tions on these parameters can also be graphically inter-
preted as follows: As was pointed out in the beginning
of this section, the solutions to boundary problem (11)
depend on the parameter Y, which can be found from
transcendental algebraic equation (15). The number of
roots of this equation and the possibility of the exist-
ence of parabolic solution (12) determine the number of
solutions to initial boundary problem (11). Let us
assume that j, 0 (the periphera current density is
nonzero) and choose the normalizing valuej, to provide
j» = 1. For any nonnegative j,, Eg. (15) a , > .
implicitly determines the curve (), which at ), <
Y. transforms into the straight line Y, = /4. Such a
curve is depicted in Fig. 5 for j, = 1.5. In the hatched
area, each Y, value corresponds to three roots of W,
outside this area, it corresponds to one root; and, at the
boundary, it corresponds to two roots.

4. ACCOUNTING FOR TOROIDICITY

Multiple solutions to the equilibrium problem in a
cylindrical approximation obviously have their ana-
logues in toroidal geometry. This can easily be proved
using moment representation (4) for the magnetic sur-
faces. For nearly circular magnetic surfaceswith alarge
(but finite) aspect ratio A = R/a, > 1, the main toroidal
effect is the Shafranov shift A(a). The equation for the
shift can beintegrated in theleading order of the expan-
sion in 1/A. It is important that the multiple solutions
found above do not break the adopted estimate A/a, ~
1/\ < 1; conserve the nested structure of the magnetic
surfaces; and, therefore, correspond to different equi-
librium states in toroidal geometry too. We present an
example of calculation of A(a) for alinear dependence

p(Y): p(Y) = 0.1 (the pressure is normalized to jg RZ).
We choose the current profile in form (9) taking j, = 1,

ji = 1.5, and Y, = 0.255. Boundary problem (11) with
these parameters has three solutions Yi(a) with the fol-

lowing values of g, WS =025, wi? = 0.26, and
Lpés) = 0.57. It isknown [18] that the A value is deter-
mined by the relation

1

A@) = (UMt (/2 +By(t)] dt, 1)

wheretheinternal inductancel; and the parameter 3, for
our solutions can be calculated analytically:

1Y) = 12, (22)
R{"(a) = 0.1a%\, (23)
PLASMA PHYSICS REPORTS Vol. 30 No. 12 2004
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Fig. 7. Cross sections of the magnetic surfaces (13 =
const in the (r, 2) plane for g = (1) 0, (2) 0.15, (3) 0.2,
(4) 0.248, (5) 0.35, and (6) 0.563. The dashed-and-dotted

and solid lines correspond to Y V(r, z) and Y3(r, 2), respec-
tively.

1°(a)

%(0.04 +a'/16 +0.19a° + 0.14Ina),
= a0 [0.71, 1]
0.5, ad[o0,0.71),

(24)

P(a)

O a’ 2
0.02 + = + 0.19a
O 8

, adf[071,1 (25)
= 02052, 4, 014

R
Ep.Zaz,

Shift profiles (21) for these values of |;(a) and 3;(a)
are shown in Fig. 7. To give an idea of how our solu-
tions behave in coordinate space, Fig. 7 shows cross
sections of two families of the magnetic surfaces " =
const and Y® = const (the dashed and solid lines,
respectively) in the (r, 2) planefor R=1and A = 3. It
can be seen that there are contours of both families that
correspond to the same values Y. Figure 8 shows the
profiles Y- 3(r) at z = 0; these curves (with allowance
for the relationship p ~ ) illustrate the pressure pro-
files dong the major radius.

ad[o0,0.71).
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Fig. 8. Profiles (! 3(r) at z= 0. The dashed and solid lines
correspond to y(r, 2) and Y(r, 2), respectively.

5. CONCLUSIONS

It is well known from the course of differential
equations that the solution to a nonlinear boundary
problem is not necessarily unique: the problem can also
have multiple solutions or no solutions at al. In this
paper, we have shown that the Grad—Shafranov equa
tion in its classical formulation, i.e., for given depen-
dences p(y) and F(y), can have several different solu-
tions satisfying the same boundary conditions. This
result was obtained analytically in acylindrical approx-
imation using a stepped current profile as an example.
Solutions to the equilibrium eguation are shown to be
bifurcational in character: gradual variations in the
parameters determining the current density profile (in
our case, these parameters are the magnitude and loca-
tion of the jump in the current density) result in a step-
wise change in the number of solutions. On the plane of
these parameters, the hifurcational curve has the fold
shape that is typical of catastrophe theory [11]. The
simplicity of the model and the standard formulation of
the boundary problem allow us to suppose that such
behavior of the solutions is most likely general rather
than exceptional. In contrast, the prevailing degenerate
problem with a current density depending linearly on
the magnetic flux should be considered an exception
(although this formulation of the problem is widely
popular because it allows one to obtain relatively sim-
ple analytical solutions).

It should be noted that the bifurcational properties of
the Grad-Shafranov equation have aready been
pointed out in the literature. For example, similar mul-
tiple solutions have recently been obtained numerically
for an exponentialy decreasing pressure profile [19].
An advantage of our approach is not only that our mul-
tiple solutions were obtained analytically for a current
density profile with which one can model any profile of
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the current density but also that these solutions satisfy
precisely the same boundary conditions, whereas the
boundary value of Y in[19] isabifurcational parameter
itself. Moreover, the solutions Y(a) (and, accordingly,
p(@) obtained in [19] can occur nonmonotonic,
whereas our solutions are free of this drawback.

It seems rather surprising that there are no indica-
tions of such bifurcationsin numerical simulations. Itis
well known that numerical calculations of the plasma
equilibrium from solving the Grad—Shafranov equation
accompany any modern tokamak experiment; however,
no multiple solutions have been found. In our opinion,
thisis due to the currently accepted computational pro-
cedure in which the range of variations in the dimen-
sionless poloidal magnetic flux Y is fixed (e.g., by the
segment Y [0, 1]). At each iteration, the departure of
W out of this range is compensated for by adjusting the
extra scale factor inserted into Eq. (1) in front of the
current density. Such a method regularizes the proce-
dure and ensures the convergence of the iteration pro-
cess (see, e.g., [20]). Note that the solution obtained by
means of this procedure does not correspond precisely
to the a priori given dependence j (). In contrast, the
multiple solutions obtained in our study correspond to
the same dependence j () but to different ranges of .
Thefixing of thetotal current (the dimensional physical
quantity), which isimportant for acomparison between
the computational and experimental results, does not
imply significant restrictions on the selection of solu-
tions, since, in both cases, a comparison is performed
by choosing the scale factor j, [20]. It cannot be
excluded that instabilities of difference schemes
revealed in the early stage of numerical simulations of
plasma equilibrium in tokamaks (1960s), when the
above regularization procedure was not applied, were
due to the presence of multiple solutions, rather than to
numerical errors.
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Abstract—A kinetic theory is developed for strong Langmuir turbulence in the region of the reflection of a high-
power ordinary radiowave in ionospheric plasma. The structure and quantity of the cavitons that form in the stage
of well-developed turbulence are determined. The acceleration of electrons is investigated, and it is found that
the electron distribution function acquires a significant tail with an effective temperature 7 of 50 to 100 times
the plasma temperature. The region occupied by fast electrons is hundreds of times thicker than the layer of Lang-
muir turbulence. The theoretical results are shown to correlate well with the observational data on the electron
acceleration and plasma emission in ionospheric experiments. © 2004 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

Langmuir turbulence (LT) in the ionosphere can be
generated by a vertically directed beam of high-power
radiowaves as a result of resonant interaction of an ordi-
nary high-power radiowave with the eigenwaves of the
ionospheric plasma in the region where the radiowave
is reflected. The extraordinary radiowaves do not reach
the region of resonant interaction [1].

In ionospheric experiments, LT is investigated by
means of incoherent scatter radars emitting radiowaves
at the ion-acoustic and plasma frequencies. LT is
responsible for the electron acceleration and for the
intense optical emission from the perturbed region of
the ionosphere [2-5].

The mechanism for the onset of LT is associated
with the parametric instability of the plasma in an alter-
nating electric field [6]. It is this instability that gives
rise to plasma waves and ion-acoustic waves. In the
nonlinear stage of instability, an important role is
played by the cavitons—the wells in the plasma density
within which the oscillations of the plasma electrons
are trapped. The cavitons govern the acceleration of
electrons [7, 8].

A distinctive feature of LT is that it occurs in a nar-
row ionospheric layer with a thickness of about 100 to
200 m in altitude z, the characteristic vertical scale
lengths of the plasma density and plasma temperature
being tens of kilometers. The electron mean free path
usually exceeds the length of the LT layer. Conse-
quently, LT develops in an essentially collisionless
plasma. The nonlinear stage of LT is dominated by the
modulational instability [9, 10] and is described by the
Zakharov hydrodynamic equations [11, 12]. Numerous
analytical studies and numerical simulations based on
these equations have made it possible to determine the
intensity and spectrum of the established ion-acoustic
and plasma oscillations and the number and structure of
the generated cavitons, as well as to investigate the non-
linear stage of the collapse of these cavitons [11-16].

However, the electron acceleration cannot be described
by the hydrodynamic theory, in which neither the
amount of the accelerated electrons nor their inverse
effect on the spectrum of the established plasma oscil-
lations can be determined.

The electron acceleration can be described only in
terms of kinetic theory. The moving electrons are accel-
erated when they cross the cavitons; hence, the acceler-
ation process is of a local nature. Moreover, the only
electrons that are subject to acceleration are fast elec-
trons in the tail of the electron distributionfunction
(EDF). As for the slow (thermal) electrons, they adia-
batically oscillate inside the cavitons and do not absorb
the field energy. The boundary between the fast and
slow electrons is determined by the effective width of
the caviton [8].

Under the ionospheric plasma conditions, however,
this acceleration process is not finished when an elec-
tron leaves the accelerating LT layer. As was mentioned
above, the length of the LT layer is much less than the
electron mean free path. Consequently, after being
accelerated inside the layer, the electron outside the
layer can be scattered by collisions in such a way that it
returns to the layer and crosses it again, thereby acquir-
ing additional energy. This process may repeat itself
many times. Fast electrons are accelerated until the
energy that they acquire in the LT layer becomes equal
to the energy that they lose in collisions. Because of the
repeated crossings of the LT layer, fast electrons are
accelerated far more efficiently; as a result, the region
occupied by them increases many times, becoming as
large as tens of kilometers in size [17]. These theoreti-
cal predictions were fully confirmed by experimental
observations of the electron acceleration and optical
emission in the ionosphere [18-26].

At the same time, a theory of repeated acceleration
has been developed based on a rigorous kinetic descrip-
tion of the electrons only outside the accelerating layer
[17]. The layer parameters (in particular, the sizes and
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number of the cavitons, which govern the acceleration
process) are described phenomenologically. The goal of
the present study is to overcome this drawback of the
theory and to construct a systematic kinetic solution to
the problem not only outside but also inside the accel-
erating layer.

Our paper is organized as follows: In Section 2, we
formulate the kinetic problem in general terms. We
focus on the accelerating layer, in which the electric
field of the radiowave is strong and the resonance con-
ditions that give rise to intense plasma oscillations are
satisfied. Above the layer, the radiowave is absent;
below the layer, its effect is unimportant. We derive the
general kinetic equation and impose conditions on the
electric field at the boundaries of the accelerating layer.
In Section 3, we construct a general solution to the
kinetic equation outside the layer. In doing so, elastic
and inelastic collisions of electrons with both the
charged and neutral particles of the ionospheric plasma
are fully taken into account. Based on the solution to
the kinetic equation outside the layer, closed boundary
conditions for the EDF inside the layer are formulated.
In Section 4, we use these boundary conditions to
obtain a complete solution to the kinetic problem for an
accelerating layer with strong LT. Such a problem can
only be solved by applying efficient numerical meth-
ods. In our simulations, we used the standard particle-
in-cell (PIC) technique that was developed to model
collisionless plasmas [27]. However, since the electric
oscillations excited in the layer are very strong, the col-
lisional absorption plays an important role even in the
case of rare collisions. In calculations, these collisions
were taken into account by a specially devised numeri-
cal method, one which is described in the Appendix. In
Section 5, we investigate the electron acceleration.

Our simulations allowed us to examine the cavitons
that form in an accelerating layer with strong LT and to
determine how the shape and number of the cavitons
depend on the strength of the radiowave electric field
and on the frequency detuning. We show that the EDF
acquires a significant tail of fast electrons and that the
tail extends over a spatial region hundreds of times
thicker than the accelerating layer because of the cou-
pling of the layer to the surrounding space. We deter-
mine how the shape of the tail depends on the parame-
ters of the problem. We demonstrate that fast electrons
play an important (and even dominant) role in stabiliz-
ing the cavitons. Note that the electron acceleration and
the resulting caviton stabilization cannot be described
in terms of the previously accepted hydrodynamic
model even if some additional parameters are intro-
duced. We also show that an appreciable amount of the
field energy is absorbed in rare electron collisions. We
determine how the theory developed here is related to
the phenomenological theory of electron acceleration
[17] and find the main phenomenological parameters.
Finally, in Section 6, we summarize the main results of
our study and briefly discuss applications of the theory
constructed here to ionospheric experiments. It is
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shown that the theory provides a good description of
the optical emission and electron acceleration observed
in a vast ionospheric plasma region (extending over
tens of kilometers).

2. GENERAL FORMULATION
OF THE KINETIC PROBLEM

Let us consider a weakly inhomogeneous (in the z
direction) plasma and an electromagnetic wave propa-
gating in it. The kinetic equations describing the motion
of the plasma electrons and ions have the form

of . e el 1 of.) _
az+V'ar%{E'av+E(VXB)'av}‘Se(fe)’
afi afi e afi 1 afi _
E”'ﬁ*M{E'aT*E(VXB)'W}‘Sf(fE)I’)

E = E, +E,(z)sinot, V-E, = 4ne(N,-N,).

Here, f,(v,r, t) and f;(v, r, t) are the electron and ion dis-
tribution functions, respectively; S,(f,) and S;(f;) are
the collision integrals; N,(r) and N,(r) are the electron
and ion densities; e and m are the charge and mass of an
electron; M is the mass of an ion; E, is the plasma elec-
tric field; B is the magnetic field; and E(z) is the ampli-
tude of the incident ordinary electromagnetic wave of
frequency . At point z;, where the radiowave is
reflected, its frequency ® coincides with the eigenfre-
quency ®; of plasma oscillations; in other words, the
following resonance condition is satisfied:

2
o = (Dpe(zl)E 4TC€T]V(ZI)

In the vicinity of this point, strong LT develops, a
large number of cavitons are generated, and the elec-
trons are accelerated. We assume that the wave electric
field satisfies the condition E, > E;, where E, is the
threshold for the onset of parametric instability [6].!

The scale length of the LT layer is small in compar-
ison to the electron mean free path, and the wave elec-
tric field in the resonance region points in the z direc-
tion. Consequently, to a first approximation, the colli-
sions in the layer can be ignored and the kinetic
equations describing the dynamics of electrons and
ions can be written in a simple form as:

of df e af.

e
e fp
ot V“az m ov

=0,

ez

'In ionospheric experiments, this condition is usually satisfied
well. In the region where the ordinary wave is reflected, its elec-
tric field is polarized parallel to the Earth’s magnetic field, which
is assumed, for simplicity, to be directed nearly along the vertical
Z axis.
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afi afi € afi _
E'ﬁ'viza—z-i'MEa—vviz = 0, (2)
2
E = —a—q)+E0(z)sin(0)t), a—‘f = 4me(N, - N,).
0z 0z

Of course, these equations are valid only inside the
accelerating layer. In order to solve them, we must for-
mulate the conditions on the electric field and on the
EDF at the layer boundaries.

The boundary conditions on the electric field and on
the wavelength of the incident wave can naturally be
chosen as follows:

27
k = T’ q)lz:O,z:L = 0’

where L is the length of the LT layer. The question
about the boundary conditions on the EDF is more
complicated. In order for the conditions on the EDF at
the boundaries of the collisionless LT layer to be cor-
rect, it is necessary to consider the kinetic equation for
the electrons outside the layer.

3. KINETIC EQUATION OUTSIDE THE LT LAYER

Above the LT layer, there is no radiowave; below the
layer, its effect is unimportant. Since the length of the
region outside the layer is substantially greater than the
electron mean free path, elastic and inelastic collisions
play an important role there. The kinetic equation for
the electrons outside the layer has the form

df, af, _
ot +V“az -

S(fe) 3)

where L is the cosine of the angle between the z axis
and the electron velocity. It is important that, in colli-
sions, the direction of the electron velocity changes at a
much faster rate than does the electron energy:

“)

where v, and v, are the elastic and inelastic electron
collision frequencies, respectively. It is well known [1]
that, under condition (4), the EDF is symmetrized;
therefore, it is natural to expand it in Legendre polyno-
mials:

fzmv) = Y futz, v)P, (1)

n=0

In this case, kinetic equation (3) splits into a
sequence of coupled equations for the functions f, [1].
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Taking into account the smallness of parameter (4), we
write out the main equations of the sequence:

1
dfo  vofi _ 1 _
S5t 3a = So So= 5[ Sdu = vofo,
o (5)
d 3
Vaizo =-vif1, vifi = EJ-HSdH-

-1

In writing Egs. (5), we chose the following form of
the collision integral for the fast electrons [16]:

So(fo) = Vo(&) fos

m>»

S =vi(&)f,, v, =vVOoN,,

where G, is the cross section for inelastic processes, G,
is the transport cross section, and N,, is the total density
of the neutral particles. Finally, Egs. (5) are reduced to

v afo

v, 0z

oo _ 7 9So
ot 3V, .°

fi= (6)

- VOva

Let us consider the problem in a quasi-steady-state
formulation (df,/dt = 0). The solution to kinetic equa-
tions (6) outside the LT layer has the form

_ m\lﬁ .

f(z,v) = F(O,v)e '(1-.38w), I, = o D
1

where [, = v/v, is the electron mean free path. We can

see that the distribution function of fast electrons in the

collisional region varies on a characteristic spatial scale

on the order of [,/ JS , which is much greater than the
mean free path /;. On the other hand, taking into
account that the length of the accelerating layer is much
less than the electron mean free path, we can assume it
to be zero (as compared to the scales on which the
parameters of the problem vary in the z direction). At
the upper boundary of the accelerating layer, the elec-
trons in the angular interval 0 < i < 1 flow out of the
layer, while the electrons in the interval -1 <1 < 0 flow
into it (and vice versa at the lower boundary). Hence, by
integrating the distribution function f,(v, W) of the elec-
trons inside the accelerating layer over W from O to 1,
we find the total flux of the electrons that flow upward
out of the layer:

1
[£.(vowdu = F, (v).
0
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Obviously, this flux is equal to the total electron flux
at the boundary z = 0 outside the layer (see solution (7)):

1
= [£(v. wn
1 ’ ®)
- jF(o, v)(1 = /33w)du = F(O, v)(l ——J_tS)
0

Consequently, the distribution function f of the elec-
trons that return to the layer has the form

fiv) = jﬁ(v BYRRETEL)

1--@

-1<u<0.09)

In this expression, we eliminated the distribution func-
tion F(0, v) outside the layer by means of formula (8).
Formula (9) is the sought condition on the EDF at the
boundary of the layer: it relates the distribution func-
tion of the fast electrons flowing out of the layer to the
distribution function of the electrons flowing into the
layer. As will be seen below, this condition is sufficient
to describe electron acceleration in the LT layer with
allowance for its coupling to the surrounding space.

It follows from formulas (8) and (9) that the total
electron influx is not the same as the total outflux: a

small fraction (about J38) of the fast electrons that
escape from the layer do not return to it. These losses
are compensated for by the diffusion and thermal diffu-
sion of the thermal electrons. In our simulations, these
diffusion processes were ignored. It can be shown, that,
in a purely kinetic approach, they can be taken into
account (with the desired accuracy) by artificially turn-
ing this fraction of electrons back into the LT layer. It is
this compensation procedure that was implemented in
our numerical simulations.

4. KINETIC THEORY OF TURBULENCE
IN THE RESONANCE LAYER

Recall that we are interested here in the conditions
under which the field of the electromagnetic pump
wave is far above the threshold for the onset of paramet-
ric instability, E, > E. Such conditions are favorable
for the efficient generation of strong LT in the resonant
layer.

Near the point of a radiowave’s reflection, the elec-
tric field in the vicinity of its maximum can be repre-
sented in the form of a standing wave:

E = Ey(z)coswt, ® = 0, +0w,
4me’N
m
and dw is the frequency shift with respect to the reso-

where o, = is the electron plasma frequency
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nant frequency. The field distribution E(z) is described
by the Airy function and the electron and ion distribu-
tions are described by the kinetic equations.

In kinetic theory, strong LT can be described only
numerically. In an actual ionospheric plasma, the elec-
tron mean free path is substantially greater than the
length of the resonance layer. Consequently, to a first
approximation, the plasma can be treated as collision-
less. Accordingly, our simulations are based on the PIC
method developed to model the processes occurring in
collisionless plasmas [27].

Both ions and electrons are modeled as charged par-
ticles moving in a superposition of their own electric
fields and the electric field produced by an external
source. The ratio of the mass M of a model ion to the
mass m of a model electron was varied over a broad
range. Most of the results that will be presented here
were obtained for M/m = 100. In simulations, the max-
imum number of model electrons, as well as of model
ions, was 4 x 10°.

The accelerating layer can be assumed to be one-
dimensional. The length of the layer was varied within
wide limits; optimally, it was taken to be equal to 2000
Debye lengths. At the boundaries of the layer, the elec-
tric field was set equal to zero and the conditions for the
particles were imposed in accordance with formula (9).
At the initial instant (¢ = 0), the plasma was assumed to
be distributed uniformly over the entire computation
region and the ions and electrons were assumed to obey
Maxwellian distributions with the same temperatures.
The external electric field at ¢t = 0 was set at zero, and,
at later times, it was assumed to increase gradually
according to a certain law. The formulation of the prob-
lem must imply a gradual increase in the external elec-
tric field from zero. If the initial external electric field
were nonzero over the entire layer, then the layer would
immediately become subject to strong Langmuir oscil-
lations, which contradicts the actual situation.

An important aspect of the problem in question is
associated with the “natural” noise of the system of
model particles. In testing the code, we thoroughly
investigated this noise and also examined its sensitivity
to the computation parameters. We chose the optimal
values of the computation parameters in such a way that
an increase or a decrease in the computation parameters
from these optimal values by a factor of 2 to 3 did not
affect the noise level. The only computation parameter
to which the noise level was certainly sensitive was the
number N,, of the model particles: the noise level

turned out to be proportional to N ;41 .

In the stage of well-developed LT, the mean ampli-
tude of the oscillations that are efficiently generated in
the plasma is so large that the absorption of the field
energy in rare electron collisions can become substan-
tial. In simulations, this absorption was taken into
account by a specially devised numerical method (see
the Appendix), which supplements the standard PIC
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Fig. 1. Time evolution of (/) the electron energy density €, and (2) the electric field &

method when rare electron collisions begin to play an
important role.

For convenience in numerical calculations, we
reduced the problem to a dimensionless form. As the
units of time, length, and velocity, we adopted the

. -1
inverse plasma electron frequency ®, , the electron

Debye length A;,, = A/T,o/ (4nezneo) , and the electron

thermal velocity ./T,,/m,, respectively, and as the
units of potential, electric field strength, density, and

energy, we adopted the quantities T,y/e, J4mn, T,
n,o, and T,,/2, respectively. Here, n,, and T, are the ini-

tial electron density and the initial electron tempera-
ture.

Our simulations show that electron oscillations in
the system grow very rapidly. In the example illustrated
in Fig. 1, we can see that an exponential increase in the
energy of the electric-field oscillations is accompanied
by a substantial increase in the electron oscillatory
energy. At a time of ¢ = 200-300, the electron oscilla-
tory energy becomes as great as 50% (or even more) of
the electron thermal energy. In this case, the energy
density of the electric field, €, and the electron kinetic
energy, €,, oscillate in antiphase at the doubled electron
plasma frequency.

Starting from ¢,, = 250-300, the energy density stops
increasing monotonically because of the strongly non-
linear processes accompanying the development of LT.
For M/m =100, the time ¢,, is just the characteristic time
of ion oscillations and thus corresponds to the growth
rate of the modulational instability in a strong field
[11]. It can be seen that this instability suppresses the
Vol. 30
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rapid growth of the field and electron energies. The
simultaneous oscillations of the electrons and ions give
rise to wells in the plasma density (cavitons). The cav-
itons are shown in Fig. 2, which refers to the time ¢ =
350. One can see well developed depressions in the
plasma density with a depth of up to (0.2-0.4)n,,. The
electron and ion densities are perturbed in essentially
the same manner, i.e., the cavitons are quasineutral. The
width of the cavitons is a = 15-20A,,,, the characteristic
distance between them being d = SOA,,,. The positions
of the most strongly excited cavitons coincide naturally
with the maxima in the amplitude Ey(z) of the pump
wave. The caviton depth correlates closely with the
mean energy of the plasma oscillations trapped within

4 r
2+
(b)
0
[ 1 1 )
-500 —450 —400 -350
X

Fig. 2. Profiles of (a) the ion density »; (solid curve) and the
electron density n, (dashed curve) and (b) the squared elec-
tric field at the time ¢ = 350.
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Fig. 3. Spatiotemporal evolution of the squared electric field over the spatial interval =300 < z < -200 and the time interval 350 <

1< 366.

the caviton (Fig. 2). One can see from Fig. 3 that the
trapped wave is a standing one. The phases of the oscil-
lations are seen to be different even in two neighboring
cavitons. During the initial period (up to ¢ = 400-500),
the cavitons increase abruptly in depth. The caviton
depth then increases at a progressively slower rate, and,
on time scales of ¢ > (1-2) x 103, an ion-acoustic wave
of amplitude 0.2-0.3 is established. The electron oscil-
lations trapped by this wave have a relatively low inten-
sity (see Fig. 4). Hence, in the problem in question, the
cavitons are stabilized (rather than collapse) because
the energy of the plasma oscillations excited by the
pump wave in the density wells is absorbed by the
accelerated electrons. A detailed description of the
acceleration of electrons in the course of their interac-
tion with cavitons is given in the next section.

Note that some simulations were carried out with
allowance for collisions of thermal electrons in the LT
layer. The results of these simulations show that these
collisions lead to electron heating and weaken plasma
oscillations (or, equivalently, lower the caviton ampli-
tude). The fraction of the pump wave energy that is
spent on electron heating is fairly large: under iono-
spheric conditions, it can be as large as 30%.

5. ELECTRON ACCELERATION

We now consider electron acceleration in the LT
layer. The kinetic equation for fast electrons has the
form

of
‘0z

of

=+v

epof _
Y +—F 0.

m ov,

(10)

Here, Ey(r, t) is the electric field of the plasma oscilla-
tions; as was shown above, this field is sharply ampli-
fied in each caviton (see Figs. 2, 3). Across a caviton,
the EDF changes only slightly. This is why Eq. (10)
should be averaged over an ensemble of realizations of
the electric field values over the entire layer:

ai(f), 9, e afi\ _
T+Vz-—a—z—+’;l<E(Z, I)E—)';) =0
fi(z, 1) (11)
T (/)

A

Z

= —szl J dtI’%E(zl, t)0[z—z,v,(t—1,)]

Hence, basic kinetic equation (10) reduces to the diffu-
sion equation in velocity space:

of _ e

z - 2
0z p20v,

of

=+ v

ot

of

ov, 12)

(D(vz, Z,1)

where the electric field correlator

t

D(v.,z1) = jdr,(E(z, HE[z-v.(t—1,), 1)

is calculated along the trajectory of an electron.

In order to solve Eq. (12), it is necessary to take into
account conditions (8) and (9) at the boundaries of the
LT layer. Integrating Eq. (12) over the layer length L,
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we obtain the following expression for the change Af =
f(v., L, t)—f(v,, 0, t) in the EDF inside the layer:

L
_f €D of
vaf = —LE-FHTZa—‘/Z{J‘D(VZ, Z, t)dZ J (13)
0

Using boundary conditions (8) and (9), we can

determine how much the EDF changes outside the
layer:

ov

4

Af = 2./33f.
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We thus arrive at the following final form of the kinetic
equation:

8_f_eza

o 20v,

L
1 of |_,Vv:
[LID(VZ, Z, t)dzavj 27 J35f. (14)

0

The results of solving Eq. (14) numerically for & =
0.1 are illustrated in Fig. 5. We can see that the initial
Maxwellian distribution is rapidly distorted and the
EDF acquires a tail of fast electrons. This tail can be
characterized by the effective temperature 7, which is
50-100 times higher than the initial electron tempera-
ture: T = 5-10 eV at 7,5 = 0.1 eV. However, only a
small fraction (less than 1%) of all the electrons are
accelerated to such high temperatures.

Under steady-state conditions, kinetic equation (14)
has the form

sl
oe

Here, according to Eq. (14), the effective temperature
T is equal to

Teszg_J;) =/ &= (15)

L t
T2 = ezs*”zvzjdzj (E(z, DE[z~ v.(t—t)])dt,. (16)
0

—oo

The correlation function C(z, z;) = (E(z)E(z,)) of the
electric field is shown in Fig. 6. The function is seen to
be strongly localized in the vicinities of the cavitons.
Therefore, the total integral over z in expression (16)
can be approximately replaced by the sum of integrals
over the vicinities of the maxima in the correlation
function:

-
T = 628*‘/2v12j<En(z)En(z— v.T))dr,

n=1¢
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where N is the total number of cavitons in the LT layer.
We introduce an average statistical caviton character-

ized by the root-mean-square electric field (E Cz ) and by
the mean scale length a to obtain

T = & "(Ae )N, (17)

2y . . .
where Ae, = ea./(E_) is the mean increment in the

energy of an electron in a caviton. Expression (17) for
the effective temperature of the electrons that are sub-
ject to repeated acceleration in a thin LT layer agrees
with the corresponding expression derived earlier in
[17]. Relationships (16) and (17) provide a kinetic def-

inition of the phenomenological parameters (Ef} and
a used in the theory [17].

The temperature T given by expression (17) corre-
lates well with that obtained from the exact solution of
Eq. (14) (see Fig. 5). Note that numerical kinetic calcu-
lations of strong parametric instability in a resonance
LT layer were carried out earlier in [28]. In that paper,
however, no account was taken of the external colli-
sional plasma, the presence of which is implied by cor-
rect boundary conditions (9). As a result, the conserva-
tion laws were not satisfied: the EDF decreased with
energy according to a power law; as a result, the energy
flux carried away by the accelerated electrons was sev-
eral times more intense than the net energy flux of the
pump wave. Some possible simplifications in the for-
mulation of the problem in question were also dis-
cussed in [28, 29].

6. CONCLUSIONS

In this paper, we have constructed a theory of strong
LT that develops in a resonance layer of a weakly inho-
mogeneous plasma. The three main results of our work
are as follows.

(i) We have determined exactly the correlation func-
tion of the plasma oscillations trapped within the cavi-
tons and have created a model of a high-energy tail that
arises in the electron distribution due not only to elec-
tron acceleration in a resonance layer but also to elec-
tron collisions in a weakly inhomogeneous unperturbed
plasma.

(i1) We have established that fast electrons can have
a stabilizing effect on the cavitons. In this case, the cav-
itons do not collapse but instead evolve gradually into a
quasi-steady finite-amplitude ion-acoustic wave in
which the enhancement of the plasma oscillations
under the action of a high-power radiowave is balanced
by their absorption by fast electrons.

(iii) The spatial dimension of the region occupied by
the fast electrons is governed by the plasma inhomoge-
neity. Under ionospheric conditions, this dimension
exceeds the spatial scale of the LT layer by two orders
of magnitude or more.
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Fig. 6. (a) Correlation function C(z, z;) and (b) its contours plot.

The theory developed here is fully confirmed by
experiments aimed at investigating the influence of
high-power radiowaves on the ionospheric plasma.
Near the point of its reflection in the resonance layer, an
ordinary radiowave gives rise to strong LT. Fast elec-
trons generated in this process are observed to have
energies of up to € = 20 eV, which are 100-200 times
higher than the temperature of the unperturbed iono-
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spheric plasma, 7, = 0.1 eV. The shape of the EDF pre-
sented in Fig. 5 agrees well with that determined exper-
imentally (see [22]).

The region of artificially produced plasma luminos-
ity is tens of kilometers in size, the length of the reso-
nance LT layer being only 100-300 m [24, 25]. Optical
emission from the plasma is observed at the wave-
lengths of A, = 6300 A (the red line), A, = 5577 A (the
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Fig. 7. Time evolution of the momentum of the system for
different numbers of the model collisions: (/) 10, (2) 8 x
10%,(3) 5 x 10%, (4) 2 x 10*, and (5) 10™.

green line), and A; = 8446 A (the IR line), which corre-
spond to the excitation potentials of I, = 1.98 eV, [, =
4.17 eV, and I3 = 10.74 eV, respectively. Since the deex-
citation time of the red line is quite long (Af = 150 s),
the red line emission is especially sensitive to electron
collisions with neutral molecules. Consequently, at alti-
tudes of z = 200400 km, where the atmospheric den-
sity is very low, the red line emission is most intense
[17-21], while, at lower altitudes (z = 110-130 km), the
green line emission dominates [30]. The results of the
theory constructed here are in good agreement with the
observational data.
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APPENDIX
Effect of Rare Electron Collisions

In spite of the fact that, under actual ionospheric
conditions, the electron mean free path is much longer
than the spatial scale of the accelerating layer, elastic
collisions of thermal electrons can play an important
role within the layer during the excitation of strong
plasma oscillations. With this circumstance in mind, we
devised a special modification of a PIC method that
makes it possible to take into account the electron scat-
tering process.

The scattering is assumed to be elastic because, at
thermal electron energies, the cross section for elastic
collisions is much larger than the cross sections for the
remaining processes (see [1]). In elastic collisions, the
velocity of the model electrons changes its direction but
its absolute value remains unchanged. This is why it is
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necessary to follow all three velocity components of the
model electrons. In other words, electron collisions
should generally be treated in three-dimensional veloc-
ity space. Note that our problem assumes axial symme-
try around the z axis, thereby reducing the amount of
computation.

The method for modeling collisions consists in the
following: In a unit time interval At, the direction of the
velocity component v, is randomly changed for a cer-
tain number S,, of electrons chosen at random from
their total number N,,. The transverse velocity compo-
nents are changed so that the absolute value of the elec-
tron velocity |v| (or the electron energy) remains the
same. This scheme of collisions between particles mod-
els binary collisions by allowing instantaneous changes
in the particle velocity components. An analysis shows
that such a scheme is equally applicable to Coulomb
interactions, in which the main role is played by long-
range collisions accompanied by small changes in the
direction of particle motion. Based on the theory of
binary collisions, it is an easy matter to find the rela-
tionship between the number of “model collisions” Sy,
at each time step and their effective frequency v, in the
plasma. To do this, it is natural to introduce the dimen-
sionless collision frequency through the formula

S, = NyAtv,, (A1)

where At is the time step in units of 0);2 and the colli-
sion frequency V), is in units of ®,,.

We carried out a series of numerical experiments
aimed at checking relationship (A1) and determining
the collision frequency in a model plasma. The calcula-
tions were performed for a system in which all model
electrons were assigned a moderate initial velocity V,
in the same direction, so the entire system possessed a
nonzero net initial momentum P,. We considered how
the system comes to equilibrium at the expense of the
collisions introduced above. An example of this is illus-
trated in Fig. 7. We can see that the momentum P of the
system decreases according to the law

P = Pyexp(-v,t). (A2)

It turns out that the quantity v, is proportional to the
value of v,, determined for a given number S,, of model
collisions from formula (A1). This permits relationship
(A1) to be used to model processes with a prescribed
collision frequency v,

In our investigations, it was also established that,
during the damping in elastic collisions, the excess
energy of the system, which is determined by the initial
velocity V,, is uniformly distributed over the x, y, and z
velocity components. Hence, elastic collisions reduce
the excess momentum of the system to zero; moreover,
this process is correct from the energy standpoint: the
energy € is exactly conserved, and there is no preferen-
tial direction of motion.
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Inelastic collisions accompanied by an energy loss

de are considered by introducing the parameter &(€),
which characterizes the effective (averaged) electron
energy losses:

o(e) = <5§>

Here, the angle brackets denote averaging over both
inelastic and elastic collisions.
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