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Nonlocal Effects in a Bounded Afterglow Plasma
With Fast Electrons

Vladimir Demidov, Charles DeJoseph, Jr., and Anatoly Kudryavtsev

Abstract—Effects connected with nonlocality of the electron en-
ergy distribution function (EEDF) in a bounded, afterglow plasma
with fast electrons can lead to a significant (many times of )
increase in the near-wall potential drop, even if the density of this
fast group is only a small fraction of the total electron density.
This can substantially change the near-wall sheath thickness and
electric field. Nonlocal fast electrons which are partially trapped
in the plasma volume can increase the rate of stepwise excitation,
supply additional heating to slow electrons and reduce their diffu-
sion cooling rate. Altering the source terms of these fast electrons,
to change their production rate will, therefore, alter the near-wall
sheath and, through modification of the EEDF, a number of plasma
parameters. Another possibility of modifying the EEDF is by appli-
cation of a negative potential to a portion of the plasma boundary.
This can allow modification of the fast part of the EEDF. The above
effects and methods can be used in various research and technical
applications.

Index Terms—Afterglow plasma, diffusion cooling, electron
energy distribution function (EEDF), modeling, near-wall sheath,
stepwise excitation..

I. INTRODUCTION

THEPLASMAwhichexists in thedischargevolumeafter ter-
mination or significant reduction of the sustaining electric

field, is commonly referred to as the afterglow (or postdischarge)
plasma [1]. In such a plasma(especially at low pressure), the elec-
tron temperature relaxes to the atomic (ion) temperature (typ-
ically 0.1 eV), due to electron–atom collisions and diffusion
cooling, much faster than the characteristic recombination time
of the electrons. Due to this decreasing , the number of elec-
tron-driven processes can be significantly reduced, despite a high
electron density, which makes this type of plasma a convenient
medium for measurements of rate constants and cross sections
of some plasma reactions [2]–[4]. The afterglow plasma exists in
all pulsed plasma sources, which are now widely used in tech-
nical applications, and, therefore, its investigation is important
for optimization and development of various plasma systems [1],
[5]. A similar plasma exists in flowing-gas systems, downstream
of the discharge, which is commonly referred to as a flowing af-
terglow plasma [6], and far from the primary ionization source
in nonhomogeneous discharges. Properties similar to afterglow
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plasmas can be also found in nonelectric excited plasmas, such as
photo-plasmas, created by external light.

Due to its practical importance, the afterglow plasma has been
studied in great detail [1]. In particular, a number of plasma
models have been applied to the afterglow regime. Fluid models
(also referred to as the continuum models) have been widely used
for simulations of afterglow plasmas (e.g., [7], [8]). The so-called
global (volume-averaged) models of high-density, low-pres-
sure discharges for time-varying excitation have recently been
proposed by Lieberman et al. [9]. In both the fluid and global
models, an ad hoc assumption of a Maxwellian electron energy
distribution function (EEDF) is made. There are also a number
of models with a volume-averaged kinetic treatment in order
to predict zero-dimensional EEDFs in the local approximation
(e.g., [10]–[12]. These models take into account various mecha-
nisms leading to electron energy relaxation due to electron–atom
collisions. A model with a self-consistent kinetic description of
a low-pressure afterglow plasma was developed in [13] and [14].
It was shown that the electron kinetics are essentially nonlocal
and so knowledge of the spatial (and temporal) evolution of the
EEDF is of vital importance.

With decreasing electron density, the frequency of elec-
tron–electron collisions, at an energy corresponding to the wall
potential , becomes less than the reciprocal of the
ambipolar diffusion time for ions to the wall . When this
occurs, the EEDF “cutoff” effect was predicted in [14]. Under
these conditions, the wall potential has to start decreasing fast
enough spatially in order to let electrons leave the potential
well and escape quickly to the wall. Such a rapid decrease in

must occur so that a part of the EEDF with energies close
to can be effectively cut off from the bulk EEDF, which
represents the “cutoff” mechanism. The particle loss due to the
cutoff mechanism is accompanied by an energy loss which can
be referred to as a modified form of diffusion cooling and it is
the most important cooling process at low pressures. This effect
was experimentally confirmed in [15].

Thus, the results of the direct comparison between the fluid
and kinetic approaches imply that the fluid approach is phys-
ically inappropriate for describing a low-pressure afterglow
plasma. Specifically, the fluid approach fails to predict cor-
rectly both the spatial and temporal evolution of the electron
temperature [13]. Moreover, it has also been demonstrated in
[13] that the use of the volume averaged (zero-dimensional)
kinetic models may lead to erroneous results in simulating
such a plasma. The nonlocal approach is most important over
lengths which are less than the electron energy relaxation
length . At low pressure, when the plasma scale is less
than , the EEDF is essentially nonlocal (see [16] for details),
and the EEDF tail is depleted due to electrons escaping to the
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wall throughout the whole plasma volume. For atomic gases
in the energy range , where is the threshold energy
for inelastic processes, where most electrons are concentrated,
length , where is the electron
mean free path. Therefore, the inequality holds up to
relatively high pressures of cm torr. This means, for
instance, that for atmospheric pressure microdischarges [17]
(say, with characteristic dimension of 50 m) these effects are
very important over the whole plasma volume.

In this paper, we discuss effects connected with nonlocality
of the EEDF in the afterglow plasma with fast electrons [18],
[19]. We define the fast electrons as electrons which have en-
ergies much higher than , but usually less than (recall
that the typical electron temperature in an afterglow is 0.1 eV).
In the next section, we discuss production mechanisms and the
importance of fast electrons in the afterglow. Following that, in
Section III, we demonstrate the influence of fast electrons on the
ambipolar electric field and wall potential. Section IV describes
the influence of nonlocal effects on sheath properties. In Sec-
tion V, we illustrate the influence of these effects on the EEDF.
Section VI deals with modification of the EEDF. In the last sec-
tion, we discuss possible application of these effects in research
and applications and present some conclusions.

II. WHY FAST ELECTRONS ARE SO IMPORTANT IN AN

AFTERGLOW PLASMA

Sources of fast electrons exist in many types of afterglow
plasmas. Fast electrons can be injected from outside (for in-
stance, electron beams) or can arise in the plasma volume as a
result of various plasma–chemical reactions involving the par-
ticipation of long-living excited states of atoms and molecules,
negative ions, or photons from an external source. The density
of excited atoms and molecules in the plasma can exceed by an
order of magnitude the charged particle density and, as a result,
the potential energy stored in excited states can surpass by many
times the kinetic energy of the electron gas. Due to this large
chemical activity of the excited states, their effective participa-
tion in ionization, dissociation and excitation should be taken
into account. Examples of such processes are a number of re-
actions involving metastable states of atoms or molecules,
such as Penning ionization

(1)

superelastic collisions

(2)

and monochromatic photon ionization from external light
sources

(3)

In electronegative gases fast electrons can also arise in associa-
tive detachment reactions

(4)

TABLE I
ENERGIES OF FAST ELECTRONS " [IN EV], ARISING

IN REACTIONS (1) AND (2)

Here, , , and correspond to positive and negative
atomic ions and molecular ions, and is a fast electron.

The energy of these fast electrons depends on the specific
atom or molecule involved and for noble gases in reactions (1)
and (2) are given in Table I [19]. Note that the width of the
energy spectra of these fast electrons is much smaller than
and in many cases it can be taken as -function [20], [21]. For
reaction (4) energies are, typically, not as large but can still be
substantially greater than . For example, for fast electrons
have an energy of 3.6 eV.

The density of fast electrons is usually much smaller than
the density of slow, bulk electrons . As a result, in many
cases, these fast electrons can not significantly change the av-
erage energy of all electrons in the plasma.
This case will be discussed below. If the density of fast elec-
trons is so small that it cannot significantly effect the average
electron energy, then why are they important? Under nonlocal
conditions, this is because the electron current to the negatively
biased plasma walls is transported only by the high energy part
of electron population. For a Maxwellian EEDF, the ratio of
the density of trapped electrons which can not reach the wall
to the density of free electrons which can reach walls is greater
than . Since the number of free electrons is always small,
the addition of even a small number of fast electrons with ener-
gies can dramatically change the characteristics of the
plasma with a nonlocal EEDF. This explains why fast electrons
can be so especially important in a nonlocal afterglow plasma.
Note that to get similar effects in the fluid approach the fast
electrons must significantly change the average electron energy,
which requires a much higher (see, for example, [22]).

III. HOW DOES THE AMBIPOLAR ELECTRIC FIELD AND WALL

POTENTIAL DEPEND ON THE PRESENCE OF FAST ELECTRONS?

Consider the ambipolar diffusion of charged particles in a low
temperature plasmas with fast electrons. The ion and electron
fluxes are given by the expressions

(5)

and

(6)

Here, , is the ion density, the drift velocity of corresponding
particles, and are the coefficients of diffusion and mobility,
and is the ambipolar electric field. The index refers to the
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ions, refers to the electrons, refers to the bulk plasma elec-
trons, and refers to the additional group of fast electrons. As

and , for the ambipolar electric field we have

(7)

Using the Einstein relation , we obtain

(8)

As , the presence of fast electrons does not
influence and

(9)

which coincides with the well-known ambipolar field for a
Maxwellian EEDF. Therefore, the diffusion of slow electrons
and ions in the plasma volume does not depend on the presence
of fast electrons. On the other hand, the ambipolar electric field
is too small to significantly effect the diffusion of fast electrons
and, therefore, they are transported via free (not ambipolar)
diffusion. As a result, fast and slow electrons can be treated as
two independent groups and the ratio may vary from
point to point in the plasma. This is justification for (6).

The situation is quite different at the plasma wall. Here, even
for the case , the wall potential can depend
significantly on the presence of fast electrons. Consider an ap-
proximate analytical expression for the wall potential . Due
to quasi-neutrality of the plasma, for dielectric walls the sum of
the ion current and electron current to the wall is equal to zero
at each point on the wall (for a conducting surface, this holds
for an integral over all surfaces). The zero current condition has
the form

(10)

where is the ion current density, is bulk electron current
density, and is the current density of fast electrons. The ion
flux is formed in the quasi-neutral plasma and is referred as the
ion saturation current. This flux corresponds to the sum of the
diffusion and conductivity fluxes (5), and for uniform tempera-
tures equals the ambipolar flux

(11)

The normal to the boundary density gradient is to be calculated
in the region where the plasma is quasi-neutral and collisional,
but not too far from the wall in order to consider the particle
fluxes as conserved. The electron flux to the wall is equal to

(12)

Fig. 1. Wall potential in helium afterglow plasma. T = 0:1 eV, " =

14:4 eV.

where the electron chaotic flux . Using
(10) and (12), we obtain

(13)

where

(14)

is the wall potential for the Maxwellian EEDF without fast elec-
trons, is the ion free path length, and is the ion temperature.

Therefore, two situations are possible [18], [23]. If the mag-
nitude of the fast electron current to the wall is less than the ion
current, the wall potential should be small enough to allow some
of the slow electrons to reach the walls (a few ). In the oppo-
site case, the wall potential has to repel part of the fast electron
current and, therefore, should approach [18], [19], [23].
The transition between the two regimes should be very abrupt,
as there are practically no electrons with energies between a few

and .
Thus, for the case , is close to the energy of the

fast electrons. Since the electron spectra of reactions (1) and (2)
have widths of a few tenths of an electronvolt, and for the case

, this width does not change over the plasma volume, the
wall potential deviates from by only a few tenths of a volt
and one can neglect this deviation in the expression for the wall
potential (13). As an example, Fig. 1 illustrates the dependence
of the wall potential on obtained for the case of

(helium).
The ion flux to the wall can be determined directly from ex-

pression (11) or estimated by (where is the area
of the plasma-limiting surface), which is adequate for most ge-
ometries, using the known to calculate the characteristic time
for ambipolar diffusion . Nonlocal fast electrons are produced
in the volume by reactions (1)–(4) and are lost to the walls by
free diffusion with characteristic time . As , the
nonlocal EEDF of the fast electrons is a narrow peak at the en-
ergy of their origin. The density can be estimated as

(15)

and it is usually much less than the density of slow, Maxwellian
electrons . For example, for the reaction of superelastic col-



828 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 34, NO. 3, JUNE 2006

Fig. 2. Near-wall potential drop in Xe afterglow plasma. Measurements (stars),
calculation with (13) (diamonds) and calculations taking into account fast elec-
trons and arising of anomalous potential jump (boxes).

lisions (2), . Here, and
are the densities of metastable and ground state atoms. The flux
of fast electrons to the plasma boundary can be found via their
creation term from the equation

(16)

Since the intensity of the source can, in many cases, be calcu-
lated for a given reaction, the flux can be found. For example,
for reaction (1), , where is the rate of (1).

Experimental confirmation of the above speculation has been
conducted in [18] and [24]. Two of the above conditions ( , is
a few and , is close to ) can be realized in the process
of plasma decay in the nonlocal regime: first, during the
initial time period; second, , in successive periods, when
the bulk electrons cool to low temperatures. Fig. 2 shows the re-
sults of measurements in a xenon afterglow at a gas pressure
of torr,direct current current in the pulse , pulse
duration 80 , and a repetition rate of 1 kHz in a glass tube of
radius cm [24], [25]. A molybdenum ring was inserted
into a section of the tube which allowed measurements of the wall
potential. A probe in the vicinity of the wall allowed measure-
ments of the plasma potential (a second derivative method was
used [26]). It could be clearly seen that a transition from a free
diffusion regime to a regime with an anomalous large
wall potential occurred over a course of time in the
afterglow (sometime between 100 and 200 of the afterglow).
Calculationsusing(14)arenotvalid in thiscase.At thesametime,
calculations which take into account fast electrons are in good
agreement with experiment. Note, that for this case, (13) can be
used for times greater than 200 in the afterglow .
For the transitional period (100–200 ), the electron tempera-
ture is too high, for (13) to be used and one needs to calculate the
EEDF using a more general approach such as in [13]. As a result,
the sharp transition between the two regimes, predicted by (13),
is not observed in Fig 2.

IV. NEAR-WALL SHEATH DEPENDS STRONGLY ON ATOMIC

AND MOLECULAR PROCESSES

Changing leads to a change in the near-wall sheath prop-
erties. Generally, the presence of fast electrons should be taken

Fig. 3. Thickness of the near-wall sheath (in r units) calculated for argon
afterglow plasma. T = 0:1 eV, " = 7:3 eV.

into account for calculations of sheath thickness, potential, elec-
tron and ion densities in the plasma, presheath and sheath. How-
ever, as we assume that , then in the quasi-neu-
tral plasma and presheath, the density of fast electrons is negli-
gible and need not taken into account. Therefore, analysis of the
plasma and presheath may be done as in [27] in a plasma with
a Maxwellian EEDF. In this situation, the Bohm criterion will
be the same as in a plasma without fast electrons (i.e., plasma
with a Maxwellian EEDF with electron temperature ). Under
conditions of low , the sheath region can also be modeled
without taking into account fast electrons in the sheath volume
(density of fast electrons is negligible compared to density of
bulk electrons). In this case, fast electrons can only cause a small
change in the wall potential. For large , the density of bulk
electrons in the sheath becomes very small with respect to the
density of fast electrons and the latter should be taken into ac-
count. This means that in this region, one cannot use the simple
Boltzmann relationship for electron density and should use non-
local plasma kinetics. Note also that in this case, despite a high

, the sheath is not completely unipolar due to the presence
of fast electrons (compare with [28]). We can also conclude that
during the transition between the two regimes, the sheath thick-
ness changes from a thin sheath (a few Debye lengths, ) to a
thick sheath (a few tens of ).

As an example, Fig. 3 shows the calculated near-wall sheath
thickness in an argon postdischarge afterglow with an elec-
tron temperature , which is typical for the after-
glow. In these calculations, only fast electrons arising from re-
action (1) have been only taken into account. It can be seen that
the transition between the two regimes (thin and thick sheath)
occurs when (which corresponds to , of order of

) and is very abrupt with respect to that ratio. Recall that
this sharp rise is primarily the result of the absence of electrons
within the energy interval from 0.5 to 7 eV. For these calcu-
lations, we define the sheath sickness in accordance with [29],
[30] and use formulas of [30]

(17)
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Fig. 4. Calculated and measured EEDF in a helium afterglow (1 torr) with
� = 12 V. See text for a description of the curves.

for a collisionless sheath, neglecting the density of fast electrons
in the sheath. Here, is the potential drop in the sheath.

Thus, one finds that the wall potential and near-wall sheath
can be changed significantly by the presence of fast electrons in
the afterglow. At the same time, the EEDF can also be changed.
This will be discussed in the next section.

V. ELECTRON ENERGY DISTRIBUTION FUNCTION

AND PLASMA PROPERTIES

As discussed in the previous sections, the wall potential
can be either a few or close to . In the first case, the
potential cannot affect the movement of fast electrons and they
have free diffusion to the walls. In the second case, only a por-
tion of the fast electron flux, corresponding to has free dif-
fusion in the plasma volume, but the remaining portion, corre-
sponding to will be reflected by the wall potential. Re-
flection of a portion of the fast electrons back into the volume
leads to a modification the high energy part of the EEDF. In
Fig. 4, the calculated EEDF (full curve) and the experimental
EEDF (dashed curve), obtained in a helium afterglow plasma
at 1 torr, in a glass tube 3.6 cm in diameter, are shown (

, cm , and metastable density
cm ). In this case, and .

Since the experimental curve is a convolution of the EEDF with
the instrument function, Fig. 4 also shows the convolution of
the calculated EEDF with the instrument function (points). For
comparison, the result of calculating the EEDF for the same con-
ditions, but under the assumption of no trapped fast electrons

is also shown (dash-dotted curve). As can be seen,
when the fast electrons are trapped, the high energy part of the
EEDF (which is the part shown in Fig. 4) is markedly different
from the case without trapped fast electrons. It has a continuous
electron spectrum toward lower energies.

Changing the form of the EEDF can change a number of
plasma properties. First of all, increasing the fast electron den-
sity can significantly increase the rate of stepwise excitation. It
was shown in [31] that trapping these fast electrons can result in
substantial light output, which is readily observed experimen-
tally. At low pressures, radiation produced from recombination

is negligible while that arising from stepwise excitation domi-
nates the afterglow emission. These low-pressure effects have
been experimentally investigated in a pulsed radio-frequency
(RF) inductively coupled plasma (ICP) discharge in Ar [32].
These experiments will now be discussed in detail.

The plasma excitation experiment has been described in
[33]. A schematic of the experiment is shown in Fig. 5. The
ICP system is a modified commercial ion-beam system built
by Nordiko. Power of 13.56 MHz could be 100% modulated.
Typical operating pressures range from 5 to 25 mtorr. The op-
tical system includes an Acton 0.5-m spectrometer fitted with
an Andor intensified charge-coupled device (ICCD) camera.
A mirror allows measurements of optical emission nearly
parallel to the chambers axis. In Fig. 5, the discharge is formed
in the “discharge chamber” near the RF coil and plasma can
diffuse freely into the larger “vacuum chamber.” The length of
the vacuum chamber is 1.22 m and radius is 40 cm. The length
of discharge chamber is cm and radius is cm.

Typical plasma density in the discharge chamber is between
and cm . Under these conditions, the fast electron

energy relaxation length in the afterglow is determined by
the electron–atom elastic collisions, since the region of high
electron density is limited to the dimensions of the discharge
chamber and, therefore, electron–electron collisions have little
effect on . In this case, for argon at a pressure 20 mtorr and
an electron energy 7.3 eV, m, which is much greater
than largest dimension of the vacuum chamber. At the same
time, cm. Additionally, at a pressure of 20 mtorr fast
electrons loose less than 0.5 eV in collisions with atoms over
a time of 200 s. This means that for times of this order, fast
electrons produced in reations (1) and (2) (will have energy
distributions with half-widths of not more than a few tenths of
an electronvolt.

The Langmuir probe allows us to conduct measurements of
electron density and temperature . Unfortunately, this
system does not have the sensitivity to measure the density of
fast electrons arising in reactions (1) and (2) due to their small
density [34]. It should be pointed out, however, that under
higher pressure conditions in helium, Overzet [35] successfully
used a similar probe system to measure the density of the fast
group.

The transition between regimes of free-flight and partial trap-
ping has been observed over a pressure range of 5–20 mtorr.
During this transition, the wall potential increases from a few
tenths of a volt to several volts. Also observed was a significant
increase in the intensity of spectral lines corresponding to tran-
sitions between the argon and levels, which is con-
sistent with stepwise excitation (see Fig. 6). These experiments
demonstrate the presence of self-trapping of fast electrons and
the existence of large near-wall potentials in afterglow.

Another effect of partial trapping of fast electrons is seen as
a change in the form the EEDF by the relaxation of fast elec-
trons leading to heating of slow electrons. Due to this effect,
can be significantly (a few times) higher than even in far af-
terglow. This effect has been observed in [18]. A third effect is
the absence of diffusion cooling for slow electrons, for the case

[23]. In the opposite case, diffusion cooling can still
be significantly reduced. This was investigated in [36].
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Fig. 5. Schematic diagram of the experimental setup.

Fig. 6. Intensity of the Ar 420.1-nm spectral line after termination of RF pulse.
Average power is 250 W and RF pulse duration is 300 �s. Gas pressure is 10
(stars), 15 (diamonds), and 20 mtorr (solid curve).

VI. MODIFICATION OF THE ELECTRON ENERGY

DISTRIBUTION FUNCTION

The existence of a nonlocal EEDF in the afterglow plasma al-
lows for modification of different portions of the EEDF inde-
pendently of each other. It was shown experimentally that the
fast part of the EEDF can be changed independently of the slow
part [37]. The experiments were conducted in the afterglow of
a pulsed argon RF ICP discharge plasma in the device shown in
Fig. 5. A cylindrical electrode (this is refered below as a “ring”)
with width 4 cm is located inside the discharge chamber, near
its walls and close to the RF window. This electrode allows the
plasma boundary potential to be changed over part of the dis-
charge chamber. In these experiments, the presence of fast elec-
tronshasbeendetectedfromopticalemissionmeasurements.The

Fig. 7. Electron temperature after termination of RF pulse. Average power is
250 W and RF pulse duration is 300�s. Gas pressure is 20 mtorr. Ring potential
is �9 V: pure Ar (solid line), Ar with 0.6% of N (triangles), Ar with 1.6% of
N (stars). Ring potential is 0 V: pure argon (diamonds).

data presented here is for the argon 420.1-nm emission line; how-
ever, all of the lines in the 400–900 nm range showed the same
qualitative behavior. In the afterglow, emission from this line can
only originate from collisions of electrons, with energy greater
than 4 eV, with argon metastables. The intensity is, therefore, pro-
portional to the product of the density of these species.

In the first series of experiments, the argon afterglow plasma
was investigated for different potentials on the ring. The first
results from this series showed that changing the ring potential
between 15 and 10 V with respect to ground (walls of the
vacuum chamber are grounded) had no measurable effect on the
temporal behavior of and , as shown in Figs. 7 and 8.
These data were taken on the axis of the discharge chamber at
a distance of 6.5 cm from the RF window. In contrast, the tem-
poral behavior of the argon emission line intensities depends
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Fig. 8. Electron density after termination of RF pulse. Average power is 250 W
and RF pulse duration is 300 �s. Gas pressure is 20 mtorr. Ring potential is�9
V: Pure Ar (solid line), Ar with 0.6% of N flow (stars), Ar with 1.6% of N
flow (diamonds), and Ar with 3.2% ofN flow (boxes). Ring is grounded: Pure
Ar (dots).

Fig. 9. Intensity of the Ar spectral line 420.1 nm after termination of RF pulse.
Average power is 250 W and RF pulse duration is 300 �s. Argon pressure is
20 mtorr. Ring potential is�12 V (solid curve),�9 V (diamonds),�6 V (stars),
�3 V (boxes), and 0 V (triangles).

strongly on the ring potential. Typical results of the measure-
ments are shown in Fig. 9 for the 420.1-nm line. Application of
more negative potentials leads to a dramatic increase in emission
intensity, which indicates a change in the density of the EEDF
tail by more than a factor of 20 for the conditions
shown in Fig. 9. This behavior can also be seen in Fig. 10, which
shows the dependence of the line intensity on the ring potential
(solid curve) at a fixed time of 0.75 ms after termination of the
RF pulse (close to the intensity maximum). Changing of ring po-
tential, as in Figs. 9 and 10, also changes the plasma potential.
Therefore, in Fig. 10, the dashed line shows the dependence of
the intensity on voltage between the ring and the central part of
plasma. As can be clearly seen, the intensity increases sharply
for potentials from 4 to 7 V with a much smaller change
for more negative potentials. Again, this indicates a change in
density of electrons with energies greater than 4 eV and demon-
strates that this part of the EEDF can be readily moidified. An
interesting point is that after 20–25 h of operation, the ring be-
comes coated with a thin film of ceramic (presumably from the
RF window) and the intensity no longer changes with ring po-
tential. Polishing the ring returns the system to the state charac-
terized by Figs. 9 and 10. These experiments demonstrate that
the tail of EEDF can be modified without measurably altering

and .
A second series of experiments was undertaken to demon-

strates how modifying the source terms for fast electrons

Fig. 10. Dependence of intensity of the Ar spectral line 420.1 nm for time
0.75 ms after termination of RF pulse on ring potential, (pr (solid curve), and
ring-plasma voltage, ' �' (dash curve). Voltage corresponding to energy of
free electrons, arising in reactions (1), 7.3 eV, and to (2), 11.5 eV, are shown by
arrows.

Fig. 11. Intensity of the Ar spectral line 420.1 nm after termination of RF pulse.
Average power is 250 W and RF pulse duration is 300 �s. Gas pressure is 20
mtorr. Ring potential is�9 V. Pure Ar (diamonds), Ar with 0.3% of N (stars),
Ar with 0.6% of N (boxes), and Ar with 1% of N (triangles).

changes the EEDF. It was first determined that adding a small
amount of nitrogen (up to 0.6% of flow) does not change the
temporal behavior of and (see, Fig. 7 and 8). A further
increase in flow leads to a slight increase in and a decrease
in (increased decay rate of and decreased ion production
in the afterglow). The light emission during the RF pulse, while
not shown, did not measurably change with up to 3.2% nitrogen
flow. In contrast, Fig. 11 shows the behavior of the 420.1 line
as a function of nitrogen in the flow and shows a dramatic
change with nitrogen concentration. Nitrogen is known to
be an effective quencher of [38] (leading to
emission, which we observe in the afterglow) and thus reduces
the production of fast electrons. If the fast electron density goes
as [as in reaction (1)] and the emission goes as ,
then one expects the emission to go as and, therefore,
depend strongly on the metstable density in the afterglow.

VII. CONCLUSION

The effects described in this review can be used for solving
various fundamental problems of physics of plasmas, spec-
troscopy, etc. Regulation of the near-wall sheath can be useful
for surface treatment and nano-fabrication. As an example of a
fundamental application, we discuss here the unique possibility
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of reliable measurements of relative optical cross sections
for electron impact excitation from metastable states. These
measurements are difficult to perform by other means. This
problem has attracted significant attention in recent years (see,
for example, [43] and [44]). The measurements can be per-
formed in the device, shown in Fig. 5. As previously discussed,
in the afterglow of a low-pressure RF ICP discharge, a plasma
exists with a bimodal energy distribution. This consist of a
large group with low electron temperature ( 0.1 eV) and a
much smaller group consisting of a narrow electron
peak (width 0.5 eV) at energies of a several electronvolts
which can exist for a few hundred microseconds. Therefore, for
electron impact excitation from metastable states to levels with
thresholds large enough to avoid excitation by slow electrons
(of order of 1 eV), the intensity of a spectral line is proportional
to corresponding cross section.

As an example, we measured the ratio of the intensities of
the Ar emission lines at 420.1 and 419.8 nm. in the afterglow.
These lines originate from and (Paschen notation) levels
in Ar. The ratio of should equal the ratio of the
apparent cross sections for stepwise excitation from the Ar
metastable level by electrons at 7.3 eV. The measurements were
made at a gas pressure 20 mtorr. It was found that this ratio is
equal to 3.8 0.1 and relatively constant in the afterglow. Note
that these two lines are very convenient for spectroscopic mea-
surements due to their close proximity to one another, which
usually does not require correction for the sensitivity of the de-
tection system. This large ratio is not seen in the early stages
of the RF pulse but is seen to increase as the discharge loads.
This loading has previously been shown to correspond to the
rapid buildup of metastables in the discharge [23]. This leads
us to speculate that this ratio may be a sensitive indicator of the
metastable density in the discharge.
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