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We have performed time-resolved observations of the current, optical emission, and electric field
profiles in an Ar +2% K dc glow discharge, following the pulsed-laser-induced photoelectron emis-
sion on the cathode. These observations indicate that (1) The photoelectron-initiated avalanche re-
sults in a strong perturbation of the charge distribution in the discharge. This can be observed as a
considerable shortening of the sheath length. (2) This leaves the discharge in a nonstationary re-
gime, with a highly enhanced conductance. It then relaxes to the initial, steady-state regime in a
time which is about 100 us in our conditions. This time is both considerably larger than the ion
transit time in the sheath and shorter than the ambipolar diffusion time. Self-consistent macroscop-
ic simulations have been done and found to be in excellent qualitative agreement with the observa-
tions. Monte Carlo microscopic simulations of the ionization in the sheath have also been per-
formed to point out some shortcomings of the “beam model” used in the self-consistent simulations.

I. INTRODUCTION

In this paper we present some observations and numer-
ical simulations, yet preliminary, concerning the motion
of the sheath following the sudden release of a bunch of
electrons at the cathode of a dc discharge. This is in-
duced by the photoemission resulting from the impact of
a pulsed-laser beam on the cathode.

As shown previously,! * the avalanche that develops
in the discharge yields a considerable increase of the
current, which constitutes what is known!' as the photo-
emission optogalvanic (POG) signal. The POG effect has
been recently demonstrated"? to be a potentially interest-
ing phenomenon for the in situ diagnostic of surfaces in
etching reactors. Beside this, its understanding is strong-
ly related to that of rf and other nonstationary
discharges: In some respects the POG effect is the
response of the discharge to an almost instantaneous per-
turbation, and its observation yields directly the relevant
characteristic time scales. In addition, the analysis of the
time dependence of the observed POG signals may give
some information about the secondary-electron-emission
coefficient by ion impact on the cathode, by analogy with
the methods used by Varney* a long time ago in non-self-
sustained discharges.

Previous investigations' 73 on the POG effect have fo-
cused on the short-time scale (<100 ns) on which the
electron avalanche develops in the gas. In the present
work more attention has been paid to the study of larger
time scale phenomena 100 ns <At <100 us where heavy
particles are involved.

Spatially and temporally resolved spectroscopic diag-
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nostics have allowed us to probe the variation of the elec-
tric field, then the motion of the sheath and the dramatic
space-charge modifications which result from the POG
effect. In addition, self-consistent macroscopic and
Monte Carlo microscopic calculations have been per-
formed. Many of the experimental observations can be
qualitatively reproduced by the self-consistent model.
Analysis of the Monte Carlo simulations of the ionization
in the sheath is very informative and shows the way for a
better, quantitative description of the phenomena.
Compared to the work reported by Mitchell, Scheller,
Gottscho, and Graves,’ our experimental conditions
differ by several points: first, by the magnitude of the ra-
tio of the POG current to the steady-state current which
is of several hundreds in our case. Indeed our steady-
state current densities are much smaller than Mitchell et
al.? due to smaller applied voltages and smaller gas densi-
ties; second, by the pulse duration of the photoemission
laser source (a copper vapor laser), which is several tens
of ns, much longer then the time scale on which the
avalanche develops in the sheath; third, by the nature of
the gas used in our discharge, which is a mixing of Ar
(98%) and K(2%). This mixture has been chosen because
it allows the space- and time-resolved diagnostic of the
electric field®>~7 using NaK molecules,® 1 present as
traces in such alkali-metal vapors, as a spectroscopic
probe; the alkali-metal vapor affects the ionization pro-
cesses; it also affects the surface of the cathode, on which
it is likely that an alkali-metal layer is formed, and thus
the secondary-electron-emission coefficients and the pho-
toelectron yield are affected, too; fourth, let us emphasize
that our experimental conditions are restricted to what is
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called by Mitchell et al.® the “low-power regime”: Our
applied voltage is at most 254 V while theirs is at least
250 V, up to 350 V. Our conclusions about the descrip-
tion (3)f the phenomena are basically the same as Mitchell
etal.

II. EXPERIMENT

A. Principle

A pulsed-laser beam is sent onto the cathode of a dc
discharge established in a mixture of Ar and alkali-metal
vapor (mostly K atoms). The photoelectrons which re-
sult initiate an avalanche in the plasma. We monitor the
corresponding transient current and the space- and time-
resolved electric field and plasma-induced optical emis-
sion. The electric field amplitude is determined using the
Stark effect observed in the laser-induced fluorescence
spectrum of NaK molecules,’!° present as traces in the
gas of the discharge. Let us describe now the different
parts of the experimental setup shown on Fig. 1.

B. Discharge cell

The discharge is established in a cylindrical Pyrex cell
(external diameter 6 cm) with two parallel 3-cm-diam
stainless-steel electrodes. The separation between the
electrodes is 3.5 cm. Their reverse side is covered with a
Pyrex cap to avoid the formation of a discharge in the
volume outside the volume which faces both electrodes.
One electrode is held 50 ) above ground while the other
is connected to a dc voltage supply through a 43-k(Q load.
A 1-uF capacitor connected to the ground ensures that
the voltage between the electrodes remains constant dur-
ing the characteristic time of the transient current
(~ 100 us). The voltage across the 50 () serves to probe
the discharge current. It is monitored using a boxcar in-
tegrator (SRS Model 255) interfaced to a PC computer
and triggered by the signal of a fast photodiode irradiated
by a reflected beam of the photoemission laser. The sig-
nal to monitor is properly delayed using a 500-ns delay
line.

The cell is located inside an oven where a temperature
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FIG. 1. Experimental setup.
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of 210°C is controlled using a thermocouple and stabi-
lized within 1°C. It is connected to a vacuum system
which allows it to evacuate and fill with Ar gas. It con-
tains also a small amount of K and Na in the molar frac-
tion 2:1, respectively.

The composition of the alkali-metal vapor in the cell
can be estimated from known thermodynamic data'® to
be about 1.5X10" K atoms/cm’, 3.07X10 Na
atoms/cm?, 2.30X10'" K, molecules/cm?®, 6.61X10'°
NaK molecules/cm’, and 4.47X10° Na, molecules/cm?
at 210°C. The gas of the discharge can thus be con-
sidered as a mixture of mostly Ar, and a small fraction of
K atoms. In the present experiment, the total pressure in
the cell was 0.4 Torr corresponding thus to 78.5X 10'* Ar
atoms/cm®+2% K atoms. The pressure is monitored us-
ing a MKS capacitance manometer. It does not change
by more than 10 mT during the course of an experiment.

C. Photoemission source

A pulsed Cu vapor laser (Oxford Lasers model CU 60)
is used as the photoemission light source. Two lines are
emitted (510.5 and 578.1 nm) with approximately the
same intensity, at a repetition rate of 6.50 kHz. We have
recorded the time profile of these pulsed emissions, and
found roughly the same shape for the green and yellow
lines. The pulse shape of the green emission can be seen
on Fig. 2. Note the relatively large duration of the emis-
sion about 30 ns FWHM, 65 ns total time.

The laser beam is properly attenuated, collimated, and
directed onto the surface of the cathode with an angle of
incidence of approximately 60°. It is expanded to com-
pletely cover the electrode surface. We estimate the in-
cident energy on the whole cathode to be about
3(uJ/pulse)cm ~? taking into account the expansion of the
beam, and the transmittance through the windows of the
oven and the cell. This estimate is approximate and only
its order of magnitude is significant.

It may seem astonishing that photoemission occurs on
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FIG. 2. Photemission optogalvanic signals and pulse shape of
the Cu laser green emission (510.5 nm) shed onto the cathode
(the yellow emission has roughly the same shape), as a function
of time for three different discharge currents. Discharge condi-
tions are Ar 98%, K 2%, 0.4 Torr 210°C, 1,=100 pA (14
pA/cm?), 200 pA (28 pA/cm?), 500 pA (70 uA/cm?). The in-
tegrating gate width is 10 ns.
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stainless steel, whose work function is about 4.5 V,!!
when illuminated with photons whose energy is only 2.43
eV (510 nm) or 2.15 eV (578 nm). This, in fact, is the
proof that the surface of the cathode is strongly affected
by the alkali-metal vapor which is likely to form a layer
on it. Note that the work function of K and Na are 2.3
and 2.75 eV, respectively.!? Let us mention that we have
checked that no photogalvanic signal can be detected
when the laser lights the gas in the cell without hitting
the cathode: The photoemission occurs only on the sur-
face of the cathode, not in the volume of the gas. We
have observed that the photogalvanic current, hence the
photoemission yield significantly changes from day to
day, but is fairly constant during the course of an experi-
ment.

D. Optical diagnostics

The optical emission from the cell is imaged onto the
entrance slit of a 2-m monochromator and detected by a
photon counting system. The oven plus cell setup is
mounted on a jack to allow the determination of spatial
profiles.

For plasma-induced emission observation the spatial
resolution is about 1.5 mm along the axis of the discharge
taking into account the aperture of the optics and the
fact that the emission is spread over the whole diameter
(3 cm of the cathode). For laser-induced fluorescence ob-
servation, this spatial resolution reduces to 0.7 mm tak-
ing into account the slit width of the monochromator (0.3
mm) and the spatial extension of the laser beam (whose
profile after expansion by a cylindrical telescope is a rec-
tangle 10X 1 mm? such an expansion is done to reduce
optical pumping effects'® while keeping a good fluores-
cence intensity level).

The laser-induced fluorescence of NaK molecules is
used to determine the space- and time-resolved electric
field through the e-f Stark mixing effect.’ ! We use for
this a single-mode dye laser tuned to the proper NaK
(X 'S*-B ') transition.®"'® The electric field is de-
duced from the Q to R fluorescence lines ratio, using cali-
braticl)gl curves established previously’ from spectroscopic
data.

E. Optical signals transient analyzer

Both plasma-induced and laser-induced signals are
recorded on a homemade fast transient analyzer triggered
by the photodiode signal induced by the photoemission
source laser pulse. Here follows a brief description of this
transient analyzer, a detailed diagram of which will be
published elsewhere.

It consists of 64 independent high-speed 100-MHz
counters. Each channel can count up to 226 pulses. The
photon pulse is switched to the counter corresponding to
its arrival time by a system using a shift register operated
by a clock, the period of which is a multiple of the mean
clock. The mean clock runs at 80 MHz and is synchron-
ized at the beginning of each run (i.e., at each laser pulse);
this avoids any jitter between the clock and the start
pulse. The time width of each channel is thus a multiple
of 12.5 ns. The main difficulty in such an apparatus is
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that this time width should be independent of the chan-
nel. This difficulty has been bypassed by obtaining count-
ing pulses synchronous of the mean clock and arriving
neither at the opening nor at the closing of any channel
despite the random arrival of the photon pulses. The
dead time during a run is low enough to ensure that 80%
of the events are effectively taken into account. As the
memory corresponding to each channel is actually a
counter there is no dead time at the end of each run, due
to transfer or computing. The repetition rate can thus be
larger than 1 MHz.

III. EXPERIMENTAL RESULTS

A. Photo-optogalvanic current

Figures 2 and 3 show the time dependence of the tran-
sient current which follows the photoelectron emission
for different steady-state discharge currents. Figure 2
shows the short-time scale, together with the laser-
induced photoemission, indicated by the laser pulse
shape. We observe the very intense POG signal: Its
magnitude is in our conditions more than hundreds of
times the value of the steady-state current of the
discharge. The POG signal is synchronized with the pho-
toemission laser pulse, but continues to increase after the
maximum of the photoemission is reached. Moreover,
we have found that it is, to a large extent, proportional to
the photoemission laser intensity, although it tends to
saturate for laser fluxes larger than 30 uJ/pulsecm?
(which is an order of magnitude larger than the present
conditions), probably because of space-charge effects, as
shown previously by Downey et al.!

We see that in our conditions the POG intensity does
not seem to depend very much on the discharge power,
contrary to observations by Mitchell et al.’; we will come
back to this point later in the discussion (end of Sec.
IV D). But let us recall that our measurements are re-
stricted to the ‘“low-power” regime, where actually
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FIG. 3. Photoemission optogalvanic signals as a function of
time. Same conditions as Fig. 2. The integrating gate width is 3
us. The steady-state current has been subtracted off. Note that
the current has reached its steady-state limit (POG current=0)
before the arrival of the next photoemission laser pulse.
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Mitchell et al. found little power dependence.

After the fast-electron avalanche which results from
the photoemission, the plasma is left with strongly per-
turbed ion and electron densities. It then relaxes back to
the steady-state regime. This is what Fig. 3 shows with
the long-time scale dependence of the discharge current.
We see that it takes about 100 us for the plasma to recov-
er its steady-state current, before the arrival of the next
photoemission laser pulse. We also observe a noticeable
dependence of the decreasing of the current at medium
time scale 7-30 us with the discharge power.

Although much smaller than the POG signal observed
during the photoemission avalanche, this long-time scale
current is still considerably larger than the steady-state
current. Its time integration yields an ‘“‘optogalvanic
charge” which is about 6—7 times the integration of the
optogalvanic current during the photoemission.

Finally let us mention that we have found that in our
conditions (Ar, 98%:; K, 2%, 0.4 Torr, 210°C), the time-
averaged optogalvanic current (integrated over the time
interval between two photoemission pulses) does not
change by more than 10% when the discharge current
density varies between 1 and 30 times the normal regime
value. This result does not seem to persist for higher
pressures, however, and may be fortuitous.

B. Plasma optical emission

Not surprisingly, the current increase which follows
the photoemission is accompanied by a considerable in-
crease of the optical emission of the plasma. The time
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FIG. 4. K atom emission at 693.3 nm (6s %S, ,, —4p P9, tran-
sition) as a function of time for three different positions in the
discharge. Same discharge conditions as Fig. 3, 500 uA,
steady-state sheath length 6 mm. Integration gate width is 5 ns.
Note that the emission has not completely reached its steady-
state level 150 us after the photoemission pulse, and that the
emission intensity may be larger or smaller than the steady-state
level, depending on the position. This may be the indication of
excitation processes via long-lived metastable states.
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dependence of this emission comprises again a short-time
scale, which corresponds to the excitation by the beam
resulting from the photoemission on the cathode, and a
long-time scale which corresponds to the relaxation of
the discharge.

Similarly to Mitchell et al.,> we have found that the
short-time dependence of the emission does not depend
on the position inside the discharge (although its magni-
tude does) which is consistent with the beam excitation.
However, the long-time scale (Fig. 4) shows that the
emission does not behave everywhere the same.

Note that the optical emission has not completely
recovered its steady-state level 150 us after the photo-
emission. Perhaps this is associated with the fact that K
atoms may be excited by collisions involving long-lived
Ar metastable states. Very interesting insights about the
discharge behavior are provided by the time-resolved spa-
tial emission profiles. The results are shown on Figs. 5
and 6 together with the electric field profiles which we
are now going to present.
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FIG. 5. Amplitude of the electric field (continuous line) and
Ar atom emission at 419.8 nm (5p[1]o—4s[1/2]} transition)
profiles as a function of time. Discharge conditions are 100 uA
(14 pA/cm?), V=154 V, Ar(98%)+K(2%), 0.4 Torr, 210°C.
These conditions correspond to the POG signal shown in Figs. 2
and 3. Note the change in the scale of the Ar emission signal at
t =S5 us.
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C. Sheath electric field measurements

On Figs. 5 and 6 are shown the dependence of the elec-
tric field profile with time, determined using the time-
resolved Stark e-f mixing spectroscopy of NaK (Refs.
8-10) described above. On the same time scale are
shown the optical emission profiles of the Ar atom
A=419.8 nm, 5p[L]p-4s [%](1), transition. Time is indexed
with respect to the arrival of the photoemission pulse,
which is repeated every 150 us.

Just before the arrival of the photoemission pulse (time
labeled ““0”’) the shapes of the electric field profile closely
reproduce the steady-state cases.” The sheath edge is
marked both by the maximum of the optical emission and
by the vanishing of the electric field, as usual.

But just after the photoemission and the associated
avalanche, one sees the dramatic shortening of the sheath
and the increase of the field at the cathode. (The voltage
is maintained constant so that one expects the area under
the field profile to remain constant.) This increase of the
field is associated with a large displacement current
€y(0E /3t) which is an important contribution to the
POG signal at the short-time scale.

Correlatively, note the considerably enchanced optical
emission, and the shift of the maximum in the spatial
profile toward the cathode. Afterwards one observes the
motion of the sheath which eventually recovers its initial
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FIG. 6. Same as Fig. 5 with I,=500 mA (70 mA/cm?),
V=224V.
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shape between 100 and 150 us. Note that at each time,
the emission intensity profile monitors the sheath length,
as one expects.'# 1

We have observed that the sheath edge propagates
with a velocity which is independent of the discharge
power while ¢ <5 us. Then it slows down for the higher
power but continues to expand for the lower power, as
the final sheath length is longer in the latter case. This
difference in the sheath edge propagations may be corre-
lated with the splitting between the POG curves observed
for 5 <t <30 us (see Fig. 3).

Note also the dependence of the general shape of the
field profiles to the discharge power. While the field
profile remains close to a straight decreasing line for
1,=100 pA, it clearly shows a curvature for ,=500 uA:
This indicates that the space charge is not uniform in this
latter case, but increases from the cathode to the sheath
edge, a phenomenon already seen in (Refs. 16 and 17) and
(Ref. 6) discharges.

Finally let us mention that we have checked that the
integral of our electric field profiles over the sheath
length gives the applied voltage generally within 10%.
This is consistent with the fact that no detectable electric
field (i.e., larger than 30 V/cm) could be seen outside the
cathodic region.

IV. NUMERICAL SIMULATION

In order to improve our physical understanding of the
phenomena described above, we have performed numeri-
cal simulations of the POG effect in our experimental
conditions.

A. Self-consistent beam model

The ideal way of modeling a glow discharge (and espe-
cially the cathode region of a glow discharge) would be to
solve the electron and ion Boltzmann equations coupled
with Poisson’s equation. This is still a difficult numerical
problem, and a simpler approach is necessary. Our ap-
proach is based on the description of electron and ion
transport by moments of the Boltzmann equation. The
main difficulty in this approach is to obtain a realistic
description of the ionization rate in the cathode region
(cathode fall and negative glow), knowing that in this re-
gion there is no equilibrium between electron kinetics and
local electric field. Since the parameters (mean energy,
velocity) characterizing the electrons emitted by the
cathode and accelerated through the sheath are very
different from those of the plasma bulk electrons of the
negative glow, we have chosen to consider two different
groups of electrons, their kinetic properties being defined
as follows.

(i) Fast electrons (or beam electrons) accelerate in the
sheath and lose their energy in the glow through inelastic
collisions; these electrons are assumed to form a monoen-
ergetic beam'® whose velocity is directed toward the
anode. Secondary electrons created by ionization by the
fast electrons are assumed to belong to the beam if they
are created in the sheath; when the ionization takes place
in the glow, the secondary electrons join the low-energy
group which is described below. The transport of the fast
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electrons is described by a continuity equation and an en-
ergy equation. The beam is supposed to release instan-
taneously its energy in the discharge (the continuity and
energy equations for the beam are steady-state equations).
This approximation has some consequences and leads to
errors on the short-time scale (of the order of 10 ns in our
conditions) but for larger time scales, we think that it is
realistic enough for our purpose.

(ii) Low-energy electrons (bulk electrons) are created in
the glow by ionization due to fast electrons; when the
beam energy falls below the ionization threshold, fast
electrons join the low-energy group. The kinetics of the
low-energy group is described by a continuity equation
and a momentum-transfer equation.'® The momentum-
transfer equation for the bulk electrons (as well as for the
ions) is simplified by omitting the time derivative term
and neglecting the drift energy with respect to the
thermal energy, such as in Ref. 19; this neglect of the in-
ertia terms is reasonable in a collisional regime and leads
to the representation of the particle flux by the sum of a
drift term and a diffusion term.

The boundary conditions are as follows: the gap volt-
age is given and constant, the density of bulk electrons
and ions on the electrodes is zero, and the flux of beam
electrons leaving the cathode is proportional to the flux
of ions reaching the cathode (coefficient ¥). Note that the
basic data needed by the model are the transport
coefficients for bulk electrons and ions (drift velocity and
diffusion coefficient), and the electron-atom cross sections
for the beam electrons.

The equations describing the two electron groups, and
the ion continuity and momentum-transfer equations are
coupled to Poisson’s equation. The model can provide
the spatial and temporal variations of the electric field,
charged particle densities, and current densities in the
different regions of the discharge for a given applied po-
tential. A more complete description of the model can be
found in Refs. 20 and 21.

In order to simulate our experiment, we first model a
steady-state dc discharge corresponding to the experi-
mental conditions just before the laser pulse; the
discharge is in that case self-sustained by the ion bom-
bardment on the cathode, which releases secondary elec-
trons; the relation between the flux of electrons emitted
by the cathode and the flux of ions toward the cathode
(which defines the secondary-electron-emission
coefficient) is a boundary condition of the model. The ac-
tion of the laser pulse on the cathode is then represented
in the model by a given flux of photoemitted electrons
which is added to the flux of secondary electrons.

Due to the simplifying assumptions used to describe
the beam electrons (see above), this model is, however,
not adequate for the case of a gas mixture containing
species of very different ionization potentials such as Ar
and K. We have just neglected, in a first step, the
influence of the 2% K atoms. The validity of this as-
sumption will be considered below where we present
Monte Carlo simulations of the ionization in the sheath,
in the actual 98% Ar, 2% K mixture.

We give below a few facts concerning the numerical
method: (a) the method is based on a finite-difference
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representation of the transport equations and Poisson’s
equation; the discretization scheme of the electron and
ion continuity equations is similar to the Gummel scheme
described in Ref. 19. (b) Contrary to Ref. 19 the trans-
port equations and Poisson’s equations are solved in an
implicit way and not successively; the equations are first
linearized with respect to the three variables (electron
density, ion density, electric potential): This leads to a
bloc-tridiagonal system which is easily solved by standard
methods. Since larger time steps can be used, this impli-
cit method is much faster than the one described in Ref.
19. (c) The principles and details of the numerical
method can be found in Ref. 22.

B. Modeling procedure

The modeling procedure is as follows: First we begin
by trying to reproduce the steady-state discharge: Given
a discharge voltage V, we adjust the secondary-emission
coefficient by ion impact on the cathode y so that the re-
sult of the self-consistent simulation yields a sheath
length equal to the one experimentally found. Assuming
that the secondary-emission coefficient is constant for
different discharge voltages we check that the same value
of y gives a correct estimation of the sheath length for
other values of the applied voltage. Since we have been
working in a range of discharge voltages limited to
154-224 v the assumption of a constant y seems reason-
able. The consistency (if not the validity) of the pro-
cedure can then be inferred by checking that the calculat-
ed discharge current in these conditions roughly agrees
with the experiment.

In the present case, two experimental conditions have
been considered.

Case 1. Jy=14 pA/cm? (I,=100 pA); V=154 V,
d.=10 mm (d, is the sheath length).

Case 2. Jy=70 uA/cm® (I,=500 pA); V=224 V,
d, =6 mm, which correspond to Figs. 5 and 6, respective-
ly. No external circuit is considered, and the potential
between the electrodes is supposed to be constant during
the experiment (see above).

The calculations are performed for the case of pure ar-
gon, and the Ar pressure is chosen equal to 0.25 Torr at
300 K, corresponding to the experimental conditions of
0.4 Torr at 210°C. The mobilities of the bulk electrons
and ions in pure argon are taken from Ward;>® their
diffusion coefficients are supposed to be constant (3 X 10°
and 2 X 10% cm?/s, respectively, for electrons and ions at
1 Torr, 300 K). The electron-atom inelastic cross sec-
tions which are used in the beam equations are taken
from Bretagne et al.>* The gap length is 35 mm; the
model is monodimensional and ignores the radial effects
associated with the finite diameter (30 mm) of the elec-
trodes.

It turns out that a value of ¥y =0.07 yields the sheath
lengths observed experimentally in both cases, giving
current densities of 8 and 55 ,uA/cmz in cases 1 and 2, re-
spectively, in fair agreement with the experiment. Then
the photoemission process is modeled by imposing an ad-
ditional electronic current at the cathode. Starting from
steady-state conditions, the evolution of the system is fol-
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lowed step by step. The model yields the time depen-
dence of the electric field, electronic and ionic density
profiles, and current densities.

In the present calculations, the photocurrent has been
chosen equal to 500 uA/cm? during 50 ns. While 50 ns
corresponds roughly to the duration of the photoemission
laser pulse (see Fig. 2), the value of 500 uA/cm? is rather
arbitrary, because it is difficult to estimate experimental-
ly. This value of the photoemission current should be ad-
justed such that the predicted discharge current matches
the observed POG amplitude (Fig. 2). Results of the cal-
culations seem to indicate that the photocurrent may be
larger than 500 pA/cm?; simulations for larger photo-
currents lead to numerical instabilities.

C. Results and discussion

Figure 7 shows the spatial variations of the electric
field and charged particle densities for the unperturbed
steady-state dc discharge corresponding to cases 1 and 2.
The transient results, showing the time evolution of the
field and charged particle density profiles in the discharge
during and after the laser pulse are presented in Figs. 8
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FIG. 7. Spatial variations of the electric field and charge par-
ticle density profiles for the unperturbed steady-state dc
discharge obtained with the self-consistent model. (a) 8
uA/cm?, 154 V and (b) 55 uA/cm?, 224 V. Note the negative
scale of the electric field vertical axis: A positive electric field
would point outward from the cathode.
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and 9. The time variations of the current densities are
plotted in Fig. 10.

Let us note first an important feature of the unper-
turbed steady-state dc discharge which appears in Fig. 7
(and also in Figs. 8 and 9): There is a field reversal in the
negative glow. This field reversal is due to the fact that
the beam electrons act as an external (‘“nonlocal”) ioniza-
tion source in the glow. In the glow and close to the
anode, the two components of the electron flux (drift
term and diffusion term) have opposite directions and
their amplitude is much larger than the amplitude of the
total electron flux. The field tends to maintain the elec-
trons in the plasma while they can reach the anode by a
diffusion process. The plasma potential is therefore posi-
tive with respect to the anode potential and is linked to
the electron energy in the glow. These features have been
suggested empirically®® for a long time but it is only very
recently that numerical self-consistent models have been
able to predict them?®>212% and that experiments proved
their existence with no ambiguity?’ as discussed in a re-
cent paper by Gottscho et al.?’” Note that this field re-
versal does not occur when an equilibrium model is used
(a model where the ionization rate is supposed to depend
only on the local electric field) and is related to the fact
that the beam electrons act as an external ionization
source in the glow.?%21:28

Let us now consider (Figs. 8 and 9) the transient behav-
ior of the field and charged particle densities in the
discharge, after the onset of the photoemission current
(t =10 ns). The predicted spatio-temporal variations of
the electric field are very similar to those observed experi-
mentally, although the quantitative agreement is not as
good for case 2 (corresponding to the larger steady-state
discharge current: 55 puA/cm?). Figures 8 and 9 show
very interesting features, which we are now going to dis-
cuss.

We see that as soon as the photocurrent is switched on,
an enhanced ionization occurs in the plasma, which re-
sults in the following.

(i) The enchancement of the charge densities both in
the sheath and in the glow. Note that as can be expected
the relative perturbation of the plasma density seems to
be much more important in case 1 than in case 2; this is
due to the fact the predicted plasma density in the
steady-state unperturbed dc discharge corresponding to
case 1 is much smaller than in the discharge correspond-
ing to case 2 (see Fig. 7).

(ii) The contraction of the sheath and, correlatively, the
increase of the sheath electric field; these effects are in-
duced by the fact that the ion density increases in the
sheath and that the potential across the discharge is con-
stant.

(iii) The enhancement of the current (POG). The total
current at any point of the discharge is the sum of the
displacement current and the electron and ion conduc-
tion currents; Figs. 8 and 9 can be used to obtain a very
simple estimation of the displacement current (e,dE /3t)
on the cathode; it turns out that on the cathode, the dis-
placement current is of the same order as the photoelec-
tron current [Figs. 10(a) and 10(b)] (which has been sup-
posed to be 500 p,A/cm2 in the calculations); the contri-
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bution of the ion current to the total current on the  tion of the sheath seems to be complete after this time.
cathode is negligible during the laser pulse. On the  The charged particle density in the plasma takes a longer
anode, the dominant component of the total current is time to recover its initial value. The time variations of
the bulk electron current. After the photocurrent is  the current densities which are presented in Fig. 10 show
switched off the sheath begins to expand back since its  that the total current is slightly smaller in case 2 (corre-
length is too short to allow the replacement of the ions  sponding to the larger steady-state dc current) than in
lost at the cathode by the avalanche initiated by the case 1. The small oscillations of the total current are
secondary emission electrons. The sheath field has probably due to the numerical method. However, the
recovered its initial shape between 10 and 100 us. Figure  main features of the calculated current correspond to real
10(c) shows the time evolution of the ion current density physical phenomena: The first decrease of the total

on the cathode over 100 us, and confirms that the relaxa- current immediately after the onset of the photoemission
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FIG. 9. Same as Fig. 8. Discharge conditions corresponding roughly to Fig. 6 (55 uA/cm?, 224 V, but pure Ar, 0.25 Torr at 300
K).
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ment current density are numerical. (c) Time evolution of the
ion current density on the cathode for the conditions of (a) (1)
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current in case 1 [Fig. 10(a)] is due to the instantaneous
(the rise time of the pulse is supposed to be zero) injection
of photoelectrons which leads to a sudden change in the
space charge near the cathode and a decrease in the dis-
placement current on the cathode. This effect does not
appear in case 2 since the perturbation is relatively less
important in that case (the photoemission current is
about 60 times the steady-state unperturbed dc current in
case 1, and 8 times the dc current in case 2). Note that
for a photoemission current of 500 A /cm? or larger, and
assuming that the energy of the electrons leaving the
cathode is of the order of one to a few eV, the space
charge of these photoelectrons is not negligible with
respect to the ion space charge in the sheath in case 1.
The displacement current then increases due to the in-
crease in the ion density in the sheath induced by the
avalanching photoelectrons. When the photoemission
current is switched off, the displacement current first in-
creases on the cathode [Fig. 10(a)] due to the decrease in
the electron space charge. The displacement current
then decreases and changes its sign: There remains only
the contribution of the (enhanced) ionic current plus a
small negative displacement current (the magnitude of
the sheath on the cathode starts to decrease). Note that
due to our assumption that the beam releases its energy
instantaneously in the discharge (the beam equations are
steady-state equations in our model-see Sec. IV A) some
of the above results concerning the time evolution of the
current on the short-time scale (less than 10 ns) are ques-
tionable. However, we believe that the main features pre-
dicted by the model are realistic.

Most of these results are in excellent qualitative agree-
ment with our experimental observations. Knowing the
complexity and intricacy of the physical phenomena in-
volved, this agreement is remarkable. The comparison of
the absolute values of the calculated and measured total
current seems to indicate that the photoemission current
has been underestimated in the calculations.

On the other hand, we have performed numerical cal-
culations in the case of a repetitive photoemission pulse
(the repetition period was 150 us, as in the experiment).
The model predicts that the plasma density has not com-
pletely recovered its initial steady-state dc value after 150
us, and continues to increase sligthly after each laser
pulse (we obtain a 10% increase of the plasma density
after 4 pulses for case 1). For a larger photoemission
current (which seems to be the case in the experiment),
this effect would be enchanced. Other kinds of plasma di-
agnostics probing ions?® 3! or electrons®? would be need-
ed to confirm experimentally this increase in the mean
plasma density due to the repetition of the laser pulse.

Let us now try to estimate the validity of our self-
consistent model. There are at least two assumptions in
the model which are doubtful and could be responsible
for some discrepancies between experimental and numeri-
cal results, and which should be checked before a quanti-
tative description of the phenomena can be expected. (1)
We have neglected the 2% K atoms. (2) The beam mod-
els ignore the fact that the electrons emitted by the
cathode and accelerated in the sheath may be scattered in
a direction other than forward. This indicates that the
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ionization process may not be properly described in our
model. To test this, we have performed complementary
Monte Carlo simulations of the electron kinetics in the
sheath.

D. Monte Carlo simulations of the ionization
in the cathode region

Using the approach of Boeuf and Marode,** we assume
in this simulation a given shape of the electric field and
follow the trajectories of a large number of electrons em-
itted by the cathode. This method is therefore not self-
consistent, but in contrast to the beam model, takes into
account properly the scattering during electron-neutral
collisions. We used this method to obtain the ionization
rates in the actual experimental mixture 98% Ar, 2% K.

The numerical method is described in Ref. 33. The
electron-atom cross sections in potassium vapor are taken
from the work of Lucas.>* The calculations provide the
normalized ionization rates B(x) in the discharge; the to-
tal ionization rate 3(x) is defined as follows:

Br(x)=ar(x)¢(x)/$(0)
fo ar(y)dy] ,

where ar(x) is the local total ionization coefficient and
¢(x) is the electron flux. Note that M (x)=¢(x)/¢(0) is
the electron multiplication at the position x, and that the
area under the curve B(x) is equal to the total multiplica-
tion plus one. It is also possible to define the partial ion-
ization rates for the production of argon and potassium
ions, respectively,

=ar(x)exp

Balx)=au(x)exp

foxaT(y)dy] ,

Bx(x)=ag(x)exp foxaT(y)dy ] ,

ar=a,,tag; a,, and ag are the partial ionization
coefficients for production of argon and potassium ions,
respectively. These rates are plotted on Figs. 11 and 12
for cases 1 and 2, respectively. Figure 11 shows that the
production of K7 ions, if not negligible, remains, howev-
er, small compared with the production of Ar™.

More interesting are the results shown in Fig. 12 where
we compare the electron multiplication coefficient M (x)
(the “gain” of the avalanche) derived from the Monte
Carlo simulation with the values underlying the self-
consistent beam model. Although the relative difference
in the magnitudes of the total gain M (d) is 30%, of more
concern to us is the difference in the shape of the curves.
We see that the beam model, in contrast to the more ex-
act prediction of the Monte Carlo simulation, yields to a
large production of ions well beyond the sheath edge.
This is especially striking in the case 2 (55 uA/cm?, 224
V). Consequently, we may infer that the beam model
simulation of the photoemission initiated avalanche tends
to (a) overestimate the increase in the charge density in
the bulk plasma, and (b) underestimate the perturbation
of the cathodic field and therefore the total current, this
underestimation being more severe in case 2 than in case
1.
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This may explain, in particular, why case 2 is not so
well reproduced as case 1 by the model. This also em-
phasized the need for models more realistic with respect
to the ionization processes than the beam model. Similar
conclusions have been drawn previously.>2! Note that
the predictions of the beam model are not unphysical but
tend to overestimate the penetration depth of the high-
energy electrons in the glow; this penetration depth is not
very large in our condition because the discharge regimes
corresponding to cases 1 and 2 are not far from the nor-
mal regime. The Monte Carlo model as well as the beam
models predict an increase in this penetration depth when
the applied potential is increased.

Although, as we mentioned above, it seems rather
difficult to develop a self-consistent fully microscopic
(based on the solution of Boltzmann transport equations
for electrons and ions, coupled with Poisson’s equation)
model, an easier way to improve our macroscopic model
would be to use the same moment equations to describe
the charged particle transport, but with a source term of
the continuity equations (ionization) deduced from
Monte Carlo simulations. This hybrid method (coupling
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FIG. 11. Ionization in the sheath predicted by a Monte Carlo
simulation assuming a linear decrease of the electric field in the
sheath in the mixture Ar(98%)+K((2%) (0.25 Torr, 300 K).
The electric field distribution is also plotted; the sheath length is
deduced from the experiment: (a) 154 V, dc=10 mm, (b) 224 V,
dc=6 mm.
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of a macroscopic model of the particle transport with a
microscopic estimation of the ionization term) can lead to
a more accurate description of the discharge characteris-
tics. This hybrid method has been used to obtain the
self-consistent result presented in Fig. 13 (steady-state
discharge corresponding to the unperturbed case 1; 98%
Ar, 2% K mixture). The procedure used to obtain this
result was as follows.

(a) For a given experimental field distribution, the ion-
ization source terms (production of argon and potassium
ions) are calculated with a Monte Carlo simulation.

(b) The calculated source terms are used in the macro-
scopic model to determine the self-consistent electric field
and charged particle densities. The secondary-electron
emission is adjusted so that the calculated field profile is
similar to the experimental one.

Note (Fig. 13) that the density of potassium ions in the
sheath is much smaller than the argon-ion density. This
confirms the fact that the presence of potassium in the
discharge would not change qualitatively (and not very

30 -1000
(a) 154 V

Monte Carlo

beam

Multiplication
1
2
Electric Field (V/cm)

Multiplication
Electric Field (V/cm)

0 . I N 1 .
0 1 2 3

[=]

position (cm)

FIG. 12. Spatial variations of the total multiplication in the
discharge calculated using a Monte Carlo simulation in
Ar(98%)+K(2%) mixture (points); the electric field is also
represented. Also shown for comparison are the multiplications
deduced from the self-consistent beam model in pure argon
(solid lines). Same conditions as Fig. 11: (a) 154 V, dc=10 mm,
(b) 224 V, dc=6 mm. Note that the Monte Carlo simulation
predicts that most of the ionization occurs in the sheath, con-
trary to the beam model.
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FIG. 13. Spatial variations of the electric field and charged
particle distributions in the gap obtained in the Ar-K mixture
for case 1 using a self-consistent macroscopic model where the
ionization rates for the production of argon and potassium ions
are deduced from a Monte Carlo simulation (hybrid model).
The secondary-emission coefficient ¥ is adjusted so that the cal-
culated field matches the experimental field; this led to ¥y =0.05.

much quantitatively) the results presented in Sec. IVC
(where the concentration of potassium atoms had been
neglected).

Some more remarks should also be made about the
dependence of the total electron multiplication coefficient
M(d) and the amplitude of the POG signal with
discharge conditions. Mitchell et al.> observed that the
POG signal amplitude strongly decreases with the
discharge power. They attributed this decreasing to the
fact that the sheath thickness decreases with the
discharge power and claimed that so does the electron
multiplication coefficient M (d). But we did not observe
such a power dependence (see Fig. 2) although our sheath
thickness changes by 50% between cases 1 and 2.
Indeed, Fig. 12 shows that M (d) in cases 1 and 2 differ by
only 15% (the larger M for the larger discharge power).
We must, however, emphasize that our applied voltages
correspond to the low-power regime of Mitchell et al.,’
where they observe little power dependence. This just
points out the fact that sheath thickness and voltage may
be equally important in determining in the general case
(especially close to the low-power or normal regime) the
magnitude of M (d) and thus the POG intensity.

V. CONCLUSION

In this work we have directly observed the motion of
the sheath of a glow discharge subjected to a strong per-
turbation and the subsequent relaxation back to steady
state. It has been demonstrated that the coupling of so-
phisticated optical diagnostic techniques and numerical
models can yield insight into the discharge mechanisms
and can be used to characterize dc as well as transient
(for example rf) discharges.

Most of the physical processes involved seem to be un-
derstood. The comparison of the experimental results
with the predictions of a self-consistent macroscopic
model where cathode emitted electrons are supposed to
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form a monoenergetic beam is good and shows the ability
of such a model to reproduce the observed phenomena in
a detailed way. From a quantitative point of view, the
beam model is, however, adequate only in a limited range
of discharge conditions, and a better estimation of the
ionization rates by fast electrons in the cathode region
can be obtained from Monte Carlo simulations. In the
general case sheath thickness and voltage are equally im-
portant in determining the amplitude of the optogalvanic
signal which results from the photoelectron avalanche.
There are other points which deserve further investiga-
tion. They include the following: optical diagnostics of
ions?* 73! and electron3? distributions; optical diagnostics
at a very short-time scale (~ 10 ns) to directly probe the
electron avalanching; optical diagnostics spatially
resolved in the radial direction to probe the two-
dimensional aspect of the phenomena; study of the
influence of the photoemission pulse duration, and of the
time interval between photoemission pulses and POG sig-
nals; and study of the influence of a variation of the ap-
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plied voltage during the electron avalanche and/or the
relaxation with relevance to application to rf discharge
diagnostics.
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