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Abstract

®

CrossMark

The laser photodetachment experiment in a diffuse helium—oxygen barrier discharge is evaluated
by a 1D fluid simulation. As in the experiment, the simulated discharge operates in helium with
400 ppm oxygen admixture at 500 mbar inside a discharge gap of 3 mm. The laser
photodetachment is included by the interaction of negative ions with a temporally and spatially
dependent photon flux. The simulation with the usually applied set of reactions and rate
coefficients provides a much lower negative ion density than needed to explain the impact on the

discharge characteristics in the experiment. Further processes for an enhanced negative ion
formation and their capabilities of reproducing the experimental results are discussed. These
further processes are additional attachment processes in the volume and the negative ion
formation at the negatively charged dielectric. Both approaches are able to reproduce the
measured laser photodetachment effect partially, but the best agreement with the experimental
results is achieved with the formation of negative ions at the negatively charged dielectric.

Keywords: helium—oxygen barrier discharge, negative ions, laser photodetachment, fluid

simulation

1. Introduction

Discharges operating in helium—oxygen gas mixtures are
widely used for applications at atmospheric pressure [1-3].
Helium lowers the power requirements, whereas oxygen
serves as the source of radicals. One common discharge type
at atmospheric pressure, operating occasionally in helium-
oxygen gas mixtures, is the dielectric barrier discharge [4—6].
The charge accumulation on the dielectrics during the electric
breakdown is a characteristic trait of the barrier discharge,
which causes a self-extinction of the discharge and keeps the
gas temperature low. The latter is important for the treatment
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of heat-sensitive materials, for instance, in biology and
medicine.

Since oxygen is strongly electronegative, the use of
oxygen results in the formation of negative ions by electron
attachment in the volume, which reduces the effective
ionization rate. Furthermore, the additional ion-ion-recombi-
nation enhances the total recombination rate. In the case of
dielectric barrier discharges, the electron attachment might
retard the discharge breakdown, whereas the enhanced
recombination rate should shorten the afterglow. In this
context, the formation of negative ions might be responsible
for the transition from the diffuse to the filamentary discharge
mode when adding oxygen to helium [7].

The common way to measure the density of negative ions
is to detach the negative ions by laser photons and to measure
the corresponding change in electron density by probe mea-
surements [8] or microwave interferometry [9]. For the
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Figure 1. Sketch of the laser photodetachment experiment.

dielectric barrier discharge, both methods are inappropriate
because of the atmospheric pressure and the small dimensions of
the discharge configuration. However, it was possible to perform
a laser photodetachment experiment in a diffuse helium—oxygen
barrier discharge [10], and to observe the changes in discharge
behavior by the released electrons instead of measuring the
change in electron density directly. These experiments revealed
an effect on the discharge development when the laser detaches
the negative ions during the pre-phase of the discharge, only.
Furthermore, it could be pointed out that the O~ and/or the O3
ions are the predominant negative ions, whereas O ions are of
minor importance. To study the influence of negative ions on the
discharge in more detail and to get absolute number densities a
ID fluid simulation was developed in [11]. This simulation
showed that the production of negative ions by electron
attachment in the volume is too low to have an influence on the
discharge development for the investigated conditions. How-
ever, even if there is no influence on the discharge, the negative
ion density might be large enough to cause the change in dis-
charge after the laser photodetachment. Hence, it is necessary to
simulate the laser photodetachment experiment as well to draw
further conclusions. This is presented in this paper. It starts with
a summary of the laser photodetachment experiment from [10]
in section 2. The description of the main features of the dis-
charge simulation from [11] and the implementation of the laser
photodetachment is presented in section 3. Afterwards, the
simulated laser photodetachment effect on the discharge is pre-
sented and compared to the experiment in section 4.

2. Laser photodetachment experiment

The laser photodetachment experiment is described and dis-
cussed in detail in [10], wherefore this section gives only a brief
overview of this experiment. As sketched in figure 1, the laser
photodetachment experiment is performed in a plane-to-plane
barrier discharge configuration, consisting of a copper electrode
on top and an aluminium electrode at the bottom, both covered
with 0.7 mm thick glass plates at a distance of g = 3 mm. The
discharge which is discussed here operates in helium with
400 ppm oxygen admixture at 500 mbar. It is driven by a
sinusoidal voltage at a frequency of 2 kHz and an amplitude of
700 V. Under these conditions, the discharge is laterally
homogeneous and operates in the glow-like discharge mode.
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Figure 2. Experimentally observed influence of the laser photo-
detachment of negative ions on the discharge development: gap
voltage Uy, and discharge current ;s without the laser (gray solid

lines) and with laser photodetachment (blue, red dashed lines)
depending on time. The highlighted area marks the time window
where the laser effects the discharge breakdown. Reproduced from
[11]. © IOP Publishing Ltd. All rights reserved.

For the laser photodetachment experiment, a frequency
doubled Nd:YAG laser beam (532 nm) is guided through the
discharge in lateral direction. Its vertical extent is about 1 mm in
the discharge center and it is movable in the axial direction. The
general influence of the laser photodetachment on the discharge
development is shown in figure 2. As visible, the laser photo-
detachment during the pre-phase causes a lower breakdown
voltage, which results in an earlier discharge ignition and an
earlier discharge current pulse minimum as well. Furthermore,
the total number of transported charges, which is the area under
the discharge current pulse, is lower for the laser affected dis-
charge. Overall, the laser photodetachment effect occurs only
when the laser is fired during the pre-phase of the discharge,
which is marked by the highlighted area in figure 2.

3. Setup of the simulation

3.1. Simulation of the discharge

The simulation of the discharge is the same as discussed in detail
in [11], hence, only the main features are summarized in the
following. Since the experimentally observed discharge is lat-
erally homogeneous, a 1D fluid simulation is sufficient. In
particular, this allows to calculate the electric field analytically
from the surface charges on the dielectrics and the space charges
in the gap. The helium and oxygen background gas densities are
calculated by the ideal gas law, wherein the gas temperature Ty,
is constant between 300 and 350 K. The other included neutral
species are the helium metastable He™, the helium dimer He,,
the oxygen metastable states O,(a'A,) and O,(b'Yy), the
oxygen atom O with its excited states O('D) and O(!S), and the
ozone molecule O;. These neutral species diffuse along the axial
direction and become de-excited at the dielectric surfaces with a
probability of 1 (He™, He,, O(D), O(S)) and 0.01 (O,
02(a'A,), 02(b']), O3). The included charged species are the
electrons e, the helium ion He', the helium dimer ion Heg, the
positive oxygen ions O", O, and O} as well as the negative
ions O™, O3, and O3. The charged species are allowed to drift
and diffuse in axial direction and become fully absorbed (elec-
trons) and neutralized (ions) at the dielectric surfaces. Besides
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these species, UV photons are considered as a source of sec-
ondary electrons at the dielectric surfaces, only.

The electron transport parameters (diffusion coefficient,
mobility, thermal velocity) and mean electron energy are
calculated using BOLSIG+ [12, 13] (default settings, except
gas temperature of 350 K) and the cross sections given in the
Lisbon database at Ixcat.net [14]. This procedure bases on the
validity of the local field approximation for atmospheric
pressure discharges developing in the microsecond time scale.
As well, BOLSIG+ is used to calculate the rate coefficients
for several electron impact collisions. These are com-
plemented by the reactions given in [15] to address the
oxygen chemistry.

The drift-diffusion equations are solved by the explicit
Euler method with variable time steps for slow, intermediate,
and fast processes. For the discretization of the drift fluxes, an
upwind scheme is used, whereas a centered scheme was taken
for the discretization of the diffusion flux. The starting con-
ditions for the simulations presented here are taken from the
long-time simulations, so the steady state of the discharge is
already reached before the laser photodetachment.

3.2. Simulation of laser photodetachment

The laser photodetachment of negative ions is implemented in the
simulation by defining a number density of laser photons from
the laser cross section area Ay, = aj by = 1 mm X 6 mm
and the laser pulse energy Ej. Since the simulation is one-
dimensional only, the included cross section area of the laser
beam is rectangular and not elliptically as in the experiment. The
one-dimensionality implies that the laser extension in the lateral
direction equals the lateral extension of the discharge in the
simulation, which is not the case in the experiment. This might
result in deviations from the experiment when looking at the
dependence of the laser photodetachment effect on the laser pulse
energy.

To include the laser photodetachment as simple as pos-
sible in the already existing numerics, the density of laser
photons
LBt Lp hge ()

n(t, 2) = L (2, 2) /co =
lsr( ) lsr( )/ 0 o C()h b[sr

is calculated. It depends on the flux of laser photons I}, and
the speed of light ¢y. The flux is calculated from the laser
pulse energy Ej, the laser wavelength \j;, Planck’s constant
h, the laser extension in the lateral direction b, = 6 mm, and
two functions fi () and g, (z) describing the distribution of
the laser intensity over time and along the axial direction,
respectively. The dependence in time is given by a Gaussian
function

S (D) =

2

Isr vV 70 Isr

vAln2 p [—411127(’ - tl“)zJ )

with a laser pulse duration of Tj;; = 10 ns. This smooth
function is chosen to stabilize the numerics, because the
analytical calculations in [10] show that the actual temporal
shape of the laser pulse is unimportant if the laser pulse
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Figure 3. Spatially resolved density of laser photons at the moment
tr for different laser profiles (z;; = 1.5 mm, Ej;, = 100 m)J).

Table 1. Photodetachment and photodissociation cross sections for
negative oxygen ions using the laser wavelength of A\, = 532 nm.

Reaction o X cm2 Reference
O + heg/ Mg — O + e~ 6.4 x 10718 [16, 17]
05 + heo/ Mg — Oy +e= 1.2 x 10718 [17]

05 + heg/ Mg — O3 +e~ 0.2 x 10718 [18, 19]
O5 + heo/ Mg — O, + O~ 3.5 x 10718 [20]

duration is significantly shorter than the discharge develop-
ment on the microsecond time scale. For the spatial dis-
tribution g, (z), different profiles such as a Gaussian laser
beam profile

\41n2 (z — z21sr)?
g.(2) = exp| —4lnp s — ) 3)
Isr iy = p alﬁr

and smoothed box profiles
1 1
2= U~ disc/ 2 —2t s — a1 /2
Aisr 1 4 exp(%) 1 + exp(%)

§

81 (D) =

“

are considered due to the unknown profile in the experiment.
All profiles have a full width at half maximum of
ai = 1 mm. The smoothing of the box profiles is varied
from s = 0.1 mm to s = 0.02mm. A comparison of the
spatially resolved photon densities obtained from these four
different profiles at r = f;, is shown in figure 3. The
smoothing of the box profiles with increasing s causes a larger
photon density in the wings away from the center,
approaching the Gaussian profile. For most discussions, only
the box profile with s = 0.1 mm is used, because most
dependencies are the same for the different profiles. Where
necessary, the influence of the different profiles is discussed.
As in the experiment, the laser firing time #, is varied in steps
of microseconds, the laser position zi; from 0.5 to 2.5 mm
and the laser pulse energy from zero to 100 mJ.

The photodetachment reactions are included in the calc-
ulation by rate coefficients of k = oc¢, using the cross sections
given in table 1. Besides the photodetachment, the table
includes the photodissociation of O3, which has a much larger
cross section than the photodetachment of O5.
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Figure 4. Discharge overview (without laser photodetachment): (a)
simulated applied voltage, gap voltage, and discharge current density
(colored, dashed lines) in comparison to the experiment (gray, solid
lines). (b) Simulated reduced electric field strength and (c) simulated
total ionization rate.

4. Results and discussion

4.1. Discharge characterization

To enable a quantitative comparison of the simulated laser
photodetachment with the experiment, the simulated discharge
is adapted to the experimentally investigated discharge by
varying the gas temperature, the thermal electron desorption
flux and the secondary electron emission coefficients in [11]. A
good agreement is achieved using the parameter set with a gas
temperature of T, = 300 K, a thermal electron desorption
flux of Jges = 10" cm~2 s~! and a secondary electron emission
coefficient v, = 0.01 for the first breakdown. This good
agreement is exemplarily shown in figure 4(a), where the
electrical quantities as the applied voltage, the gap voltage and
the discharge current are plotted from the simulation and the
experiment for the negative half cycle. Despite the good
agreement, the discussion in [11] already showed that several
parameter sets are appropriate to get a similar agreement with
the experiment. The influence of such a discharge parameter
variation is investigated in section 4.6.

Besides the electrical quantities in figure 4(a), the reduced
electric field strength and the total ionization rate from the
simulation are plotted in (b) and (c), repectively. Characteristic
for this discharge is the first glow-like breakdown with the
distortion of the externally applied electric field in (b) and the
cathode-directed ionizing front in (c). The drop in gap voltage
during the first breakdown is small, therefore a second break-
down occurs with a slightly distorted electric field. This second
breakdown occurs without a cathode directed ionizing front,
and shows an exponentially increasing ionization rate towards
the anode, which is typical for Townsend-like breakdowns.
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Figure 5. Change in negative charges by laser photodetachment: (a)
spatially averaged densities and spatio-temporally resolved density
of (b) O ions and (c) electrons (box-shaped laser beam profile,
2y = 1.5mm, s = 0.1 mm, f,, = 278 us, Ej, = 100 mJ).

4.2. Laser photodetachment for adapted discharge

As mentioned, the discussion starts including the laser photo-
detachment in the adapted simulated discharge from [11]. The
changes in electron and negative ion density by the laser pho-
todetachment are presented for the time scale of the laser pulse
in figure 5 using the box profile (4) with s = 0.1mm and the
maximal laser pulse energy of 100 mJ. The latter assures the
detachment of almost all negative ions in the center of the laser
beam. The chosen laser firing time of 278 us is during the pre-
phase of the first discharge current pulse in the negative half
cycle, when the largest influence of the laser photodetachment
on the discharge behavior was observed in the experiment. In
figure 5(a), the spatially averaged densities of electrons and
negative ions are plotted. During the laser pulse, the spatially
averaged density of negative ions decreases, but not even half of
the negative ions become detached. The spatio-temporally
resolved O density in figure 5(b) reveals that the O™ ions are
detached only in the central part of the gap, where the number
density of laser photons is largest (compare figure 3). In this
central part, the O~ density decreases by several orders of
magnitude, but the larger negative ion density in front of the
dielectrics remains nearly unchanged. Therefore, the spatially
averaged O~ density in (a) decreases only slightly. After the
laser pulse, the density of negative ions increases further because
of electron attachment in the volume and the increasing electron
density during the pre-phase of the discharge. In contrast to the
negative ions, the spatially averaged electron density in (a)
shows a very small peak during the laser pulse. The height of
the peak is given by the negative ion density just before firing
the laser, which is about one order of magnitude lower than the
electron density. Hence, the spatially averaged electron density
increases by less than ten percent during the laser pulse, which is
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Figure 6. Influence of the laser photodetachment at 1, = 278 us on
the adapted discharge: (a) applied voltage, gap voltage, discharge
current density and (b) spatially averaged densities of important
species without (gray) and with laser photodetachment (colored) (box-
shaped laser beam profile, z = 1.5 mm, s = 0.1 mm, Ej;; = 100 mJ).

hard to see in logarithmic scale. The spatio-temporally resolved
electron density in (c) increases only little during the laser pulse,
but there is also an effect nearby the anode due to the drifting
electrons from the center. Nonetheless, after this electron beam
no long-lasting change in electron density is observed.

To analyze the effect of the laser photodetachment on the
discharge, the time scale is extended in figure 6 to include the
pre-phase and the breakdown of the discharge. Besides the
spatially averaged electron, negative ion and OF densities in
(b), the most important electrical quantities as the applied
voltage, the gap voltage and the discharge current are presented
in (a). In both plots, the discharge without laser photodetach-
ment is represented by solid gray lines, whereas the laser-
affected discharge is shown by dashed colored lines. It is easy
to see that the electrical quantities of the discharge in (a) with
and without laser photodetachment do not differ. Looking at
the spatially averaged densities in (b), the peak in electron
density during the laser photodetachment is too small to sig-
nificantly increase the OF density, which would indicate an
enhanced pre-ionization before the breakdown. Furthermore,
the figure shows that the negative ion densities approach to the
curves without laser photodetachment within some micro-
seconds. This confirms that the perturbation in negative ion
density by the laser photodetachment is only temporally.

As shown, the negative ion density at 278 us is too low
to cause the laser photodetachment effect as in the experi-
ment. However, there are times when the negative ion density
is larger than the electron density, e.g. just after the change in
gap voltage polarity. At this time, the O, density exceeds the
electron density because of the very effective attachment in

260 280 300

time / us

240

Figure 7. Influence of the laser photodetachment at f,, = 240 us on
the adapted discharge: (a) applied voltage, gap voltage, discharge
current density and (b) spatially averaged densities of important
species without (gray) and with laser photodetachment (colored) (box-
shaped laser beam profile, z = 1.5 mm, s = 0.1 mm, Ej; = 100 mJ).

three particle collisions with the background gas
e+ O, + He — O, + He 5)

at low electric field (compare [11]). Since no laser photodetach-
ment effect was observed in the experiment at this time, there
must be another reason for the vanishing laser photodetachment
effect. To point this out, the electrical quantities and the particle
densities of the most important charged particles are shown in
figure 7, but for a laser firing time of #5, = 240 ps. In (b), it is
visible that the larger O, density during the laser photodetach-
ment results in a large peak in electron density, but there is
nearly no change in the OF density. The electric field at
t = 240 pus is too low to induce ionization processes by the
detached electrons. The detached electrons drift towards the
anode without a significant influence on the ionization dynam-
ics. As a consequence, both the discharge current density and
gap voltage presented in (a) do not change.

In summary, these examples show that the negative ion
density of the discharge using the common set of rate coeffi-
cients for electron attachment is not large enough to explain the
laser photodetachment experiments. This is also the case when
shifting the laser firing time to later times, since the negative
ion density is always lower than the electron density during the
pre-phase and breakdown of the discharge. Hence, additional
processes producing larger negative ion density has to be
considered in the simulation, or the used rate coefficients are
not well quantified, in particular for the case of low electric
fields in the pre-phase. Motivated by the experiment, two
assumptions are made to achieve large negative ion densities in
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Table 2. Readapted desorption flux and secondary electron emission
coefficients for the conditions with larger attachment rates.

Jies X cm?s Yy
Attachment rates x 1 10! 0.01
Attachment rates x 20 2 x 101 0.02
Attachment rates x 50 5 x 101 0.05
Attachment rates x 100 2 x 10'2 0.20

the simulation: (1) consideration of larger attachment rates in
the volume, and (2) involving of secondary negative ion
emission from the negatively charged dielectric. The laser
photodetachment effect of both approaches is discussed in the
following and compared to the experiment to allow conclu-
sions about the actual source of negative ions.

4.3. Enhanced attachment in the volume

The previous discussion showed that the negative ion density
in the simulation has to be clearly larger to get a laser pho-
todetachment effect as observed in the experiment. Hence, the
attachment rates might be underestimated or there might be
missing attachment processes in the simulation. Therefore, in
a first step, larger attachment rates are considered in the
simulation. As it was already shown in [11], the increase of
the attachment rates results in a wider discharge current pulse.
Therefore, the flux Jgs of thermally desorpted electrons from
the cathode and the secondary electron emission coefficients
Y = Ypn Were increased after assuming larger attachment
rates. These changes are summarized in table 2 and have an
influence on the laser photodetachment effect as well, which
is investigated in section 4.6.

To point out the influence of larger attachment rates on
the laser photodetachment effect, the spatially averaged den-
sities of electrons and negative ions during the laser pulse are
shown in figure 8(a) for the case of 100 times larger attach-
ment rates. In contrast to the unmodified adapted simulation
(compare figure 5), the negative ion densities exceed the
electron density before the laser pulse. During the laser pulse,
these large negative ion densities cause an increase in electron
density by one order of magnitude. This peak in electron
density falls off very rapidly, but remains afterwards on a
level which is larger than before the laser photodetachment.
This behavior can be understood by looking at the spatio-
temporally resolved O~ and electron density in figure 8(b)
and (c), respectively. The O~ density behaves as in figure 5,
but the spatially resolved electron density in (c) shows an
electron beam initiated by the laser pulse. Because of the large
electron drift velocity, these beam electrons are gone within
less than 0.2 ps, which explains the sharp peak in electron
density during the laser pulse in (a).

To clarify the long-lasting increase of the electron density
after the laser photodetachment and to see the influence on the
discharge breakdown, the electrical quantities and the spa-
tially averaged densities of the most important species are
presented in figure 9 for different laser firing times. As before,

(a)

n/cm

(

z/mm <

~
(@)
~

z/mm

281.5 282 2825 283
time / us

283.5

Figure 8. Change in negative charges by laser photodetachment with
100 times larger attachment rates: (a) spatially averaged densities
and spatio-temporally resolved density of (b) O~ ions and (c)
electrons (box-shaped laser beam profile, 75, = 1.5 mm,

s = 0.1 mm, f,, = 282 pus, Ej = 100 mJ).

the unaffected simulated discharge (gray) is shown in com-
parison to the laser-affected ones (colored). For all laser firing
times, the electron density is increased during the laser pulse
by about one order of magnitude. The decreases in O™ and O,
densities are hard to see, because of the large time scale and
the strongly enhanced electron attachment in this simulation.
In contrast, the O3 density remains longer on the level caused
by the photodetachment, because it is mainly formed by three
particle collisions of O~ with O, and the background gas.
Besides, the detached beam-like electrons cause immediately
an increase in helium metastables density, because the helium
metastables are excited by electron impact excitation

e + He — He™ + e. (6)

Afterwards, these metastables produce additional O3 ions by
Penning-ionization

He™ + O, — O3 + He 7

with a delay of several microseconds. The increased number
of OF ions results in a larger secondary electron emission and
larger electron density compared with the unaffected dis-
charge as well. This explains the long-lasting increase in
electron density as seen in figure 8.

Looking at the laser induced changes in discharge current
and gap voltage in figure 9, the laser firing at i, = 270 us in
(a) has no effect, whereas the laser firing just before the
breakdown at #i; = 282 ps in (b) and during the breakdown
at fi; = 294 us in (c) change the electrical characteristics. For
i = 270 ps, the laser firing is too early and the perturbation
relaxes before the discharge breakdown. In the second case at
tr = 282 us, the laser firing time is close enough to the
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Figure 9. Influence of the laser photodetachment on the discharge with 100 times larger attachment rates: applied voltage, gap voltage,
discharge current density (top) and spatially averaged densities of important species (center, bottom) without (gray) and with laser
photodetachment (colored) at (a) s, = 270 us, (b) fix = 282 us, (c) and f, = 294 us (box-shaped laser beam profile, z = 1.5 mm,

s = 0.1 mm, E = 100 mJ).

breakdown. The larger pre-ionization results in a slight
decrease in breakdown voltage (hard to see in figure 9(b)) and
the discharge current pulse shifts to earlier times, which
equals the observed laser photodetachment effect in the
experiment. In the third case for a laser firing time during the
discharge current pulse at 55, = 294 us, the laser photo-
detachment induces both an additional short current pulse at
the laser firing time and an enhancement of the discharge
current pulse. This larger discharge current causes a sig-
nificant change in gap voltage after the breakdown, too.

To compare the laser photodetachment effect with the
experiment quantitatively, the temporal shift of the discharge
current pulse minimum

__ ¢ without Isr
At =t —

t W_i[h lsr. (8)

min

(tmin: time of minimal discharge current density) and the
change in transported charge per area

A _ 330 1S -with lsr (t) dt _ 330 1S -without lsr (t) dt (9)
g = Jais Jais ’
260 ps 260 ps

which is the difference in surface charge density after the first
discharge current pulse

Ao = O.with lsr(330 ,us) _ O.without 1sr(330 MS)’ (10)

are determined. Due to the negative discharge current density,
Ao becomes positive when less charges are transported
during the laser affected discharge. Both At and Ao are
plotted depending on the laser firing time #, for 20, 50 and
100 times larger attachment rates in the simulation in
figures 10(b) and (c). Besides, the experimental values from

a
@ 0 0
> EE
2 _05F Ugyp 4-0.1 —
=) Uappl ; 3
1 1 1 1 .]dlS 0 2 =
(b) i
04r o X experiment X 0.1
2 » O att rates X 100
02F X
E * att rates X 50
0 + att rates X 20
()
o E
~~
5 -0 S
240 260 280 300 320
Dy / us

Figure 10. Influence of the laser photodetachment depending on the
laser firing time assuming larger attachment rates: (a) applied
voltage, gap voltage and discharge current density of the unaffected
discharges. (b) Temporal shift of the discharge current pulse
minimum and (c) change in transported charge per area (box-shaped
laser beam profile, zj; = 1.5 mm, s = 0.1 mm, Ej;, = 100 mJ) in
comparison to the scaled experimental values.

[10] are added and the electrical quantities of the unaffected
simulated discharge are shown in figure 10(a) for comparison.
The curves of the discharge current density and the gap
voltage are slightly different because of the influence of the
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enhanced attachment on the discharge and the resulting dif-
ferent parameter listed in table 2. Looking at the laser pho-
todetachment effect in (b) and (c), first of all, there is no effect
in the early pre-phase (fs < 260 us) for all conditions
because the perturbation given by the laser photodetachment
relaxes within several microseconds. The simulated laser
photodetachment effect starts at f;, = 270 us and reaches its
maximum at about 284 us for 100 times larger attachment
rates. At these times the perturbation is close enough to the
discharge breakdown to have an effect on it. The height of the
maximum depends on the used factor for the attachment rates,
which is the reasonable behavior because of the larger ratio of
the negative ion density to the electron density for larger
attachment rates. After the maximum, the time shift At in (b)
decreases until 290 ps (for 100 times larger attachment rates)
and increases again after 290 us. For the lower attachment
rates, this behavior is hard to see, because the time shift Az
undercuts the saving times of the simulation. This problem
does not occur for Ao in (c), where even small differences are
visible. Until the maximum at about f,, = 284 us, the curve
of Ao equals the curve of Ar, but after the maximum it
decreases and changes its polarity at about 5, = 295 pus. For
times later than #;, = 295 us, Ao is negative, which means
that the laser photodetachment causes a larger discharge
current and more transported charges during the discharge
current pulse. The absolute value of Ao for these times is
even larger in comparison to the value during the pre-phase.
This was never observed in the experiments, where the largest
effect was observed when firing in the pre-phase of the dis-
charge. Hence, the negative ion density during the discharge
current pulse has to be clearly lower, and this is not fulfilled
by the assumption of 100 times larger attachment rates. If
there are actually missing attachment processes in the simu-
lation, then they should have their maximum at low electric
fields to enhance the formation of negative ions in the pre-
phase, but not during the discharge current pulse. Besides the
qualitative discrepancy, there is also a quantitative difference
between the simulation and the experiment concerning the
maximum during the pre-phase. In comparison to the
experiment, the maximum is too late and by at least a factor of
ten too small. That means, although the O™ density is more
than 10 times the electron density (compare figure 9), this
difference is not large enough to reproduce the laser photo-
detachment effect of the experiment quantitatively. Hence,
either the attachment rate has to be much larger or the
influence of the detached electrons on the simulated discharge
is too weak.

Before considering alternative processes for an enhanced
negative ion production, the dependence of the laser photo-
detachment effect, quantified by the change in transported
charge per area Ao, on the laser pulse energy is presented in
figure 11 for the different laser beam profiles. For compar-
ison, the experimentally measured curve and the photo-
detachment ratio
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Figure 11. Change in transported charge per area depending on the
laser pulse energy for different laser beam profiles assuming 100
times larger attachment rates (g5, = 1.5 mm, fi, = 282 us). Addi-
tionally, the scaled experimental values and the analytical saturation
curves for O™ are plotted.

from the zero-dimensional analytical model in [10] are shown
(Al = 6 mm2, Planck’s constant A, speed of light co,
oo = 6.4 x 10718 cm?, N = 532 nm). For the analytical
curve, only the dominant negative ion O™ is considered. The
curves resulting from the simulation show a steep increase
for low laser pulse energies and a flattening after 20 mJ.
A saturation value is not reached for Ej; < 70 mJ, but
the curves become flatter for sharper laser beam profiles
(s — 0). Hence, the further increase of the simulated laser
photodetachment effect above 20 mJ is caused by the wings
of the laser beam profile, which allow further laser photo-
detachment nearby the dielectrics even when saturation is
already reached in the central part of the laser beam. Fur-
thermore, the agreement of the curves resulting from the
simulation with the experimental one is much better than the
agreement with the analytical model. This means that the laser
photodetachment of O™ in combination with a slightly blurred
laser beam profile, e.g. with s = 0.02 mm, can already
explain the laser pulse energy dependence of the experiment.
Therefore, the dependency obtained by the simulation dis-
solves the contradiction between the comparison of the
measured laser pulse energy dependence with the analytical
model in [10]. The statement that O™ is the dominating ion
species remains valid.

To allow conclusions about the spatial distribution of the
negative ions, the axial profile of the laser photodetachment
effect was measured by determining the change in transported
charge per area Ao for different axial positions zj of the laser
beam. Such a measurement is compared to the results from
the simulation in figure 12(a) for the different laser beam
profiles. For all laser beam profiles, the curves resulting from
the simulation are very similar to each other. They have their
maximum nearby the center of the gap and they decrease
towards both dielectrics. The absolute value of the photo-
detachment effect increases for the wider profiles, which is
reasonable because of the larger photodetachment rate in the
wings of the wider profiles. In comparison to the experiment,
the values from the simulation are smaller and their depend-
ence on the axial position is vertically inverted. The exper-
imental curve has its minimum in the center.

To understand the shapes of the axial profiles obtained
from the simulation, the density profiles of the negative
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Figure 12. Axial profiles of (a) the laser-affected change in
transported charge per area for various laser beam profiles assuming
100 times larger attachment rates (Ej,, = 100 mJ, i, = 282 us) in
comparison to the scaled experimental values and (b) the electron
and negative ion densities of the unaffected discharge.

species are shown in figure 12(b) for comparison. For the
strength of the laser photodetachment effect, it is important
how many electrons become detached and where they
become detached. The electrons which are detached in front
of the cathode have a longer way to the anode than the
detached electrons in front of the anode, therefore they can
induce further ionization processes on their way to the anode
and the laser photodetachment effect becomes larger. In
contrast, the negative ion density increases towards the anode,
hence, more electrons are detached there. Since the multi-
plication factor of electrons (effective Townsend’s ionization
coefficient o) is the same as the increase of the electron
density and the O~ ion density towards the anode (see
figure 12(b)), both aspects together should end in a nearly
constant profile. Nonetheless, deviations from such a constant
profile are clearly visible. The decrease in front of the cathode
might result from the lower ratio of negative ions to the
electrons there and the decrease towards anode might be
caused by the slightly increasing electric field towards the
cathode at this late time of the pre-phase.

4.4. Enhanced attachment at low electric fields

The assumption of 100 times larger attachment rates in the
simulation can reproduce the laser photodetachment effect in the
pre-phase quantitatively, but the larger negative ion density
during the discharge current pulse causes a large effect at these
times, too. This was never observed in the experiment, hence,
the attachment might be larger during the pre-phase only. This
would require an additional attachment process with a maximum
at low electric field strength. To analyze such an approach, a
dissociative three-particle attachment process

e +0,+He -0 + 0O+ He (12)

is introduced with a maximal rate coefficient of 10~27 cm® s—! at

9 Td. The corresponding two-particle collision rate coefficient is
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Figure 13. Rate coefficients for attachment processes depending on
the reduced electric field strength in comparison to the artificial rate
coefficient for dissociative three-particle attachment.
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Figure 14. Influence of the laser photodetachment on the discharge
with the assumption of an additional attachment process at low
electric field strengths: (a) applied voltage, gap voltage, discharge
current density and (b) spatially averaged densities of important
species without (gray) and with laser photodetachment (colored) at
e = 280 us (box-shaped laser beam profile, z = 1.5 mm,

s = 0.1 mm, Ej; = 100 mJ).

compared to the most important attachment rates in figure 13.
The threshold value is similar to the two-particle collision
attachment process, but the chosen maximum exceeds the other
processes by two orders of magnitude to ensure a similar ratio of
the negative ion density to the electron density as in the case of
100 times larger attachment rates. For reduced electric field
strengths larger than 15 Td, as it is typical during the break-
down, the rate coefficient of the artificial process is lower than
the common ones. This should limit the overall attachment
during the discharge current pulse.

The effect on the electrical quantities of the discharge and
the particle densities is presented in figure 14 when firing the
laser during the pre-phase at 280 us. Figure (b) shows that
the O™ density exceeds the electron density in the early pre-
phase as it is intended by the artificial attachment process.
Since the O™ density is only one order of magnitude larger
than the electron density at 280 us, the change in discharge
current and gap voltage is very small. Hence, to reproduce the
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Figure 15. Influence of the laser photodetachment on the discharge
with the assumption of an additional attachment process at low
electric field strengths: (a) applied voltage, gap voltage, discharge
current density and (b) spatially averaged densities of important
species without (gray) and with laser photodetachment (colored) at
fir = 295 ps (box-shaped laser beam profile, z = 1.5 mm,

s = 0.1 mm, Ej;;, = 100 mJ).

measured laser photodetachment effect quantitatively, an
even larger rate coefficient would be necessary. Furthermore,
although the rate coefficient decreases drastically after its
maximum at 9 Td, the formation of negative ions during the
discharge current pulse is large as well. On the one hand, the
attachment in front of the cathode is actually lower in com-
parison to the simulation with 100 times larger attachment
rates, because of the larger field there. But on the other hand,
the lower electric field strength in front of the anode is com-
parable to the electric field strength in the pre-phase (compare
figure 4), and therefore the electron attachment in front of the
anode is as well comparable to the electron attachment in the
pre-phase. Hence, it is necessary to look at a possible laser
photodetachment effect when firing the laser during the dis-
charge current pulse. This situation is plotted in figure 15 for a
laser firing time of 295 us. As visible, the laser photodetach-
ment releases a large amount of electrons and a large additional
current as well as a larger drop in gap voltage are induced. This
effect is much larger than the effect in the pre-phase, which is
again a large contradiction to the observations from the
experiment. Hence, the assumption of a larger attachment
process at low electric field strength to increase the number
density of negative ions during the pre-phase causes always
larger attachment rates during the discharge current pulse and
afterglow in the regions with low electric fields as well. This is
related to a larger laser photodetachment effect during the
discharge current pulse, too, but this was not observed in the
experiment. In conclusion, an additional attachment process in
the volume with a rate coefficient depending on the electric
field cannot reproduce the laser photodetachment experiment.
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Other processes have to be considered, which are able to
enhance the negative ion density during the pre-phase, but not
during the discharge current pulse.

4.5. Negative ion production at the surface

Besides additional attachment processes in the volume, the
formation of negative ions at the dielectric surfaces might
cause larger negative ion densities. Usually, such processes of
negative ions on a surface are not considered in simulations,
but mass spectrometry measurements at low pressure radio-
frequency discharges in oxygen indicate that they are an
important source of negative ions [21, 22]. Furthermore, the
formation of negative hydrogen ions on surfaces is already
used in ion beam sources for fusion devices [23, 24].

To have an influence on the negative ion density in the
volume of barrier discharges, the surface process has to take
place at the cathodic dielectric, because solely the negative
ions formed there are able to drift through the gap. Further-
more, the surface of the cathodic dielectric is negatively
charged by electrons from the previous breakdown. These
surface electrons are weakly bound in the solid or even
trapped in an electron surface layer in front of the dielectric
[25, 26]. Their binding energy is in the order of 1 eV [27-29].
This is in the same range as the electron affinity of oxygen
atoms (1.46eV) and ozone molecules (2.10eV). Hence,
resonant charge transfers

~0™
O + e (surface) % O~ (13)

and

03

0 + e (surface) % O3 (14)

of surface electrons to the oxygen atoms or ozone molecules
are possible, since the electron affinity of O and O; can
compensate the binding energy of electrons on the surface. In
contrast to O~ and Oj, a resonant charge transfer is not
considered for O,, because the electron affinity of O,
(0.45 eV) is probably lower than the binding energy of the
surface electrons. Furthermore, the experiments with the
fundamental wavelength of the Nd:YAG laser exclude O; as
the main negative ion species. The coefficients 787 and 'ygg in
(13) and (14) describe the probability to form a negative ion
per impinging oxygen atom or ozone molecule, respectively.
They are varied between 10~ ° and 0.01 in the simulation. The
value of 0.01 is the upper limit when having a reflexion
coefficient of r = 0.99 as used for the adapted simulation. In
this case every lost oxygen atom and ozone molecule trans-
forms into a negative ion at the surface.

The reaction (13) is implemented in the simulation by
setting the flux of O~ ions from the surface to

Jggm surface _ 778"]([)0 surface’ (15)
wherein
1 1 dn
Jo surface __ F—vuno — —D o) 16
0 gVwno = Do~ (16)
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is the flux to the surface [30], vy, the thermal velocity, ng the
density, and Do the diffusion coefficient of oxygen atoms.
The — sign is valid for z = 0, and the + sign for z = 3 mm.
The equations for O3 ions are alike. Furthermore, it is worth
to notice that the generated O~ and O3 ions have a finite
probability to go back to the surface due to their thermal
movement. The negative ions reaching the surface are loosing
their electron to the surface and form an oxygen atom or
ozone molecule since the reflection of negative particles at the
surface is not considered in the simulation. Including the
reflection of negative ions at the surfaces would increase the
number of negative ions reaching the volume when they become
created at the cathodic surface. However, since the coefficients
787 and 78§ are anyhow unknown, the discussion is limited to
the case where negative ions are not reflected from the surface.

For low values of 787 and vgi, the discharge does not

change, but for 787 > 0.001 a significant flux of O™ ions is
present and the subsequent detachment in the volume con-
tributes significantly to the electron production in the pre-
phase of the discharge. In particular, this process exceeds the
production of electrons by thermal desorption at the surface in
the pre-phase of the simulated discharge. Hence, to avoid
changes in the discharge characteristics, only low values of
707 are discussed in the following.

The effect of the laser photodetachment on the electron
and negative ion densities during the pre-phase, including the
production of negative ions at the negatively charged di-
electric with 707 = 785 = 1074, is shown in figure 16(a). In
comparison to the simulated discharge without the formation
of negative ions at the surface (compare figure 5), the spatially
averaged O~ and O3 densities exceed the electron density
before the laser pulse. As for the simulations with the
enhanced attachment (compare figure 8), this larger negative
ion density causes a steep increase in electron density during
the laser pulse and a significant larger electron density after
some microseconds. Looking at the spatial distribution of the
O ions in figure 16(b), their density before the laser pulse is
constant along the gap and no longer exponentially increasing
towards the anode. As for the previous conditions, the laser
pulse tears a hole in the spatially and temporally constant O™
density. This hole evolves with the O™ drift velocity towards
the anode, and it becomes refilled by the O~ ions which are
formed at the cathodic dielectric. The spatio-temporally
resolved electron density is presented in figure 16(c). An
electron beam develops at the time of the laser pulse.
Although the laser intensity in front of the dielectrics is low,
the beam electrons even start at the cathodic dielectric
because of the large O™ density there. The beam is gone
within 0.2 us when touching the anodic dielectric, but the
electron density remains significantly larger after the laser
pulse in comparison to the time before the laser pulse. Hence,
for this case, a long-lasting effect is visible.

To investigate the influence on the discharge as in the
previous sections, the time-line is extended in figure 17 for
three different laser firing times and the electrical quantities
are shown for comparison. As before, the colored lines mark
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Figure 16. Change in negative charges by laser photodetachment

with the additional production of negative ions at the negatively
charged dielectric (vg = 782 = 107*): (a) spatially averaged

densities and spatio-temporally resolved density of (b) O™ ions and
(c) electrons (box-shaped laser beam profile, zj;, = 1.5 mm,
s = 0.1 mm, fs, = 278 pus, Ejg = 100 mJ).

the laser affected discharge, and the gray lines the unaffected
discharge. For a laser firing time of fi, = 264 us in (a), the
increase in electron density causes an immediate large
increase in helium metastables and a delayed increase in O}
ions by the subsequent Penning ionization. However, this
enormous change in particle densities has no influence on the
discharge current pulse, because of the low densities and the
relaxation of the perturbation to the unaffected simulation
within 15 us. In contrast, firing the laser at #, = 278 us as
shown in (b), the perturbation occurs during the crucial part of
the pre-phase and the discharge ignites at a lower gap voltage
and the discharge current pulse is shifted to earlier times as in
the experiment. In figure 17(c), the laser firing time is shifted
further to fi;, = 290 ps. At this time, the discharge breakdown
has already started before the laser photodetachment takes
place. No significant influence on the discharge can be
observed, since the electron density is already one order of
magnitude larger than the negative ion density. Hence, the
production of negative ions at the negatively charged surface
accounts only in the pre-phase of the discharge, when the
electron density is lower than the density of negative ions
produced at the surface.

The behavior of the temporal shift of the discharge current
pulse minimum A¢ and the change in transported charge per
area Ao are plotted for different laser firing times and different
reaction probabilities 787 and 78§ of the negative ion pro-
duction at the negatively charged dielectric in figures 18(b) and
(c). The electrical quantities of the unaffected discharge are
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Figure 17. Influence of the laser photodetachment on the discharge with negative ion formation at the cathodic dielectric (fy87 = 'yog = 10"%)

(0]

applied voltage, gap voltage, discharge current density (top) and spatially averaged densities of important species (bottom) without (gray) and
with laser photodetachment (colored) at (a) #, = 264 us, (b) fiy = 278 us, (¢) and i, = 290 us (box-shaped laser beam profile, z = 1.5 mm,

s = 0.1 mm, Ej,, = 100 mJ).
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Figure 18. Influence of the laser photodetachment depending on the
laser firing time assuming negative ion formation at the cathodic
dielectric: (a) applied voltage, gap voltage and discharge current
density of the unaffected discharge. (b) Temporal shift of the
discharge current pulse minimum and (c) change in transported
charge per area (box-shaped laser beam profile, z, = 1.5 mm,

s = 0.1 mm, Ej;; = 100 mJ) in comparison to the scaled exper-
imental values.

shown for comparison in (a). At times before 260 us, the
discharge is not affected by the laser photodetachment, as well
as for times later than 290 us. For the early times, the pertur-
bation given by the laser photodetachment relaxes before the
discharge breaks down and for the later times, the electron
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density exceeds the negative ion density. Only between 260
and 290 us, a strong effect on the discharge is observable with
a maximum in between these two values. Hence, all curves
reflect the qualitative behavior obtained in the experiment, and
the laser photodetachment effect increases as expected with
increasing formation of negative ions at the dielectric. Quan-
titatively, the limits and the maxima are at earlier times in the
experiment. The absolute value of Ar agrees best for
79 =5 x 107%, but Ag is still about five times larger in the
experiment. The value of 'ygi =5 x 107* in combination
with the reflexion coefficient of » = 0.99 for oxygen atoms
means that every twentieth lost oxygen atom becomes a
negative ion at the surface, which is a reasonable value for such
a process.

The dependence of the laser photodetachment effect on the
laser pulse energy is illustrated by the change in transported
charge per area Ao in figure 19. All curves increase with
increasing laser pulse energy because of the larger amount of
detached electrons at larger laser pulse energies. Saturation
occurs only for small smoothing parameter s. For the sharp box
profile with s = 0.02 mm, the curve is even in good agreement
with the 0D analytical model in equation (11). The broader
laser profiles still increase at their wings for larger laser pulse
energies which causes a remarkable increase in the laser pho-
todetachment effect. In contrast to the curves for the enhanced
attachment in figure 11, the increase of the laser photo-
detachment is steeper and the saturation is less pronounced.
The reason is the constant negative ion density across the gap,
which allows a strong increase of the laser photodetachment in
the wings of the laser beam profile.

Axial profiles of the laser photodetachment effect
obtained from simulations with different laser profiles are
presented in figure 20(a) by plotting the change in transported
charge per area Ao over the axial laser position. For all laser
beam profiles, Ao increases towards the cathode. As known,
the electrons detached nearby the cathode have a longer way
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Figure 19. Change in transported charge per area depending on the
laser pulse energy for different laser beam profiles assuming

negative ion formation at the cathodic dielectric (787 = 78-;: =104,

2 = 1.5 mm, g, = 278 us). Additionally, the scaled experimental
values and the analytical saturation curves for O™ are plotted.

(@)
+ — % Gaussian profile
%ra 0.1p X *8% O box, s = 0.1 mm
E 0.05 X % < box, s = 0.05mm
g * A box, s = 0.02mm
0 ) X experiment X 0.2
(b)
107
° 100
g 10°
~
< 104
10°

Zlsr / mm

Figure 20. Axial profiles of (a) the laser-affected change in

transported charge per area for various laser beam profiles assuming
negative ion formation at the cathodic dielectric (v = 78; =104,

Ei;, = 100 mJ, #, = 278 pus) in comparison to the scaled exper-
imental values and (b) the electron and negative ion densities of the
unaffected discharge.

to the anode and induce a larger electron avalanche than the
electrons starting nearby the anode. Hence, a released electron
nearby the cathode has a larger influence on the discharge
behavior than a released electron nearby the anode. Since the
negative ion density is constant across the gap when assuming
the negative ion production at the negatively charged di-
electric (see figure 20(b)), the laser photodetachment effect
increases towards the cathode as well. Comparing the curves
for Ao in (a) from different laser profiles, the spatially
broader profiles have a broader maximum in front of the
cathode, too. The reason is again the larger influence of
electrons detached nearby the cathode and the ability of the
broader profiles to release these electrons. Despite the beha-
vior obtained from the simulation is reasonable, there is no
good agreement with the experimentally determined axial
profile. The large values measured in front of the anode
cannot be reproduced by the simulation with the assumption
of a constant negative ion formation at the cathodic dielectric.
Nonetheless, the good agreement concerning the temporal
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behavior of the laser photodetachment effect supports the
formation of negative ions at the surface as a realistic ele-
mentary process. The discrepancy of the axial profiles might
result from the assumption of a temporally constant formation
rate, given by the constant value of 707. Actually, the for-
mation of negative ions by the resonant charge transfer of
surface electrons and further electron emission processes, e.g.
thermal desorption, reduce the number of surface electrons
having the adequate energy level over time. Hence, the for-
mation probability 78 should decrease in time. Such a
decrease in the formation rate of negative ions at the surface
would propagate across the gap, and it results in an increasing
negative ion density towards the anode. This increase might
compensate the effect that the detached electrons nearby the
cathode have a larger influence on the discharge development,
hence, an approximately constant profile of the laser photo-
detachment effect as in the experiment might appear. How-
ever, such a simulation needs a description of the energy
levels at the surface to calculate a time-dependent negative
ion formation probability 707, which is beyond the scope of
this paper. Furthermore, the profile of the laser photodetach-
ment effect was measured for one discharge condition only,
so it is recommended to repeat this measurement for different
discharge parameter (oxygen admixture, applied voltage) as
was done for the laser firing time and the laser pulse energy
variation.

4.6. Variation of adapted discharge parameter

The previous discussions showed that the ratio of the negative
ion to the electron density is a crucial parameter for the
strength of the laser photodetachment effect. During the pre-
phase of the discharge, when the laser photodetachment effect
is largest, the thermal desorption flux and the secondary
electron emission coefficients have strong influence on the
electron density. A comparison in [11] pointed out that dif-
ferent parameter sets of gas temperature Ty, thermal electron
desorption flux Jgs and secondary electron emission coeffi-
cient v, (= yph) are able to reproduce the measured discharge
current and voltage drop during the breakdown. Therefore, it
is necessary to check how the laser photodetachment effect
depends on the used parameter set in the simulation. Such a
comparison is presented in figure 21 for the first three para-
meter sets in table 3. Set Al is the parameter set of the pre-
vious discussions, the parameter sets A2 and A3 have larger
gas temperatures Ty, and lower electron desorption fluxes
Jaes- The corresponding discharge current pulses and gap
voltages in figure 21(a) look little different, but all are
appropriate to describe the experimentally investigated dis-
charge within a reasonable error range. For all three parameter
sets, the temporal shift of the discharge current pulse mini-
mum Ar and the change in transported charge per discharge
area Ao are plotted in figures 21(b) and (c), respectively.
Both show that the laser photodetachment effect is largest for
the maximal assumed gas temperature. This corresponds to
the parameter set with the largest reduced electric field
strength E /n = Uy, /(gp) - kg Tyas (gap distance g, pressure p,
Boltzmann constant kg) and the lowest electron desorption
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Figure 21. Influence of the laser photodetachment depending on the
laser firing time assuming negative ion formation at the cathodic
dielectric (707 = 'yg; = 107%) for different gas temperatures
(compare table 3): (a) applied voltage, gap voltage and discharge
current density of the unaffected discharges. (b) Temporal shift of
the discharge current pulse minimum and (c) change in transported
charge per area (box-shaped laser beam profile, z;, = 1.5 mm,

Ei; = 100 mJ) in comparison to the scaled experimental values.

Table 3. Discharge diameter, gas temperature, flux of thermally
desorpted electrons and secondary electron emission coefficient for
several adaptions of the simulated discharge to the experimentally
investigated discharge.

Set # dgs x mm~'  Toas X K Jpos x cm?s Vi

Al 12 300 10'! 0.010
A2 12 320 5% 101  0.010
A3 12 350 2 x 101 0.005
Bl 11 300 10'° 0.005
B2 11 300 10° 0.005

flux Jges during the pre-phase. A larger reduced electric field
strength causes a larger effective first Townsend ionization
coefficient, that means a steeper increase in electron density
from the cathode to the anode. This can be seen in figure 22,
where the profiles of the reduced electric field strength and the
electron density are plotted for the three parameter sets of
figure 21 at the laser firing time of f;, = 278 us. Despite the
steeper increase in electron density for the larger gas tem-
peratures, the lower electron desorption flux causes similar
electron densities in the center of the gap for the three para-
meter sets. Therefore, the ratio of the negative ion density to
the electron density is nearly the same in the center for these
three parameter sets, too. Because of this, the larger reduced
electric field strength for higher gas temperatures is probably
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Figure 22. Axial profiles of (a) the reduced electric field strength and
(b) the electron density for the parameter sets Al, A2 and A3 of
table 3 under the assumption of the negative ion formation at the
cathodic dielectric at r = 278 ps (vg = 7! = 107).

the reason for the larger laser photodetachment effect, but a
clear statement is quite difficult because of the small differ-
ences in discharge current of these adapted simulated
discharges.

Besides the uncertainties given from the adaption of the
gas temperature, secondary electron emission coefficients,
and the flux of thermally desorpted electrons, another
uncertainty arises from the diameter of the discharge. It is
assumed to equal the diameter of the circular electrodes of
12 mm, but since the discharge becomes inhomogeneous at
the edge of the electrodes, the influence of a lower effective
diameter should be taken into account. For the 1D simulation,
the discharge diameter is unimportant, but the discharge
diameter enters in the calculation of the gap voltage and
the surface charge density from the experiment. Hence, a
lower discharge diameter means a larger gap voltage in the
experiment, which needs a larger breakdown voltage in the
adapted simulation as well. This is shown in figure 23(a) for
the parameter sets Al, B1 and B2 from table 3. As a con-
sequence, the adapted electron desorption flux Jgs is between
one and two orders of magnitude lower than for the parameter
set Al. This results in a lower electron density at the time of
the laser pulse as well, which gives in turn a larger ratio of
negative ions to electrons. Hence, the simulated laser photo-
detachment effect should be larger for the parameter sets with
a diameter of 11 mm. This behavior is shown in figure 23(b)
and (c), where the temporal shift of the discharge current
pulse minimum At and the change in transported charge per
discharge area Ao are plotted for the parameter sets Al, Bl
and B2. As expected, the laser photodetachment effect
increases for lower electron desorption fluxes Jyes.

In summary, the adaption of the simulation to the
experimentally observed discharge current and gap voltage
plays a crucial role for the strength of the laser photo-
detachment effect. This explains why the absolute value of
the laser photodetachment from the simulation agrees only
partially to the experiment. Furthermore, deviations of the
laser photodetachment effect from different measurement
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Figure 23. Influence of the laser photodetachment depending on the
laser firing time assuming negative ion formation at the cathodic
dielectric (707 = 782 = 10~*) for different discharge diameter
(compare table 3): (a) applied voltage, gap voltage and discharge
current density of the unaffected discharges. (b) Temporal shift of the
discharge current pulse minimum and (c) change in transported charge
per area (box-shaped laser beam, zi, = 1.5 mm, Ej,, = 100 mJ) in
comparison to the scaled experimental values.

days are influenced by the changing surface properties which
have large impact on the thermal electron desorption flux.

5. Conclusions

The laser photodetachment of the negative ions O™, O, and
O3 was successfully implemented into the simulation of the
helium—oxygen barrier discharge [11]. To have a measurable
influence on the discharge behavior, the negative ion density
has to exceed the electron density at the time of the laser pulse
and the laser pulse has to take place in the late pre-phase of
the discharge, because the perturbation due to the laser pho-
todetachment has relaxation times of about 10 us. Both con-
ditions are not fulfilled at once by the discharge simulated
with the common set of rate coefficients for electron
attachment.

Therefore, two approaches are evaluated, larger electron
attachment processes in the volume and the additional nega-
tive ion formation at the negatively charged dielectric surface.
The first approach, the larger electron attachment in the
volume, results always in a large electronegativity and a large
laser photodetachment effect during the discharge current
pulse. This was never observed in the experiment. Additional
attachment processes or larger rate coefficients for negative
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ion production in the volume cannot be responsible for the
necessary large electronegativity during the discharge pre-
phase. The second approach is the negative ion formation at
the negatively charged dielectric by a resonant charge transfer
of surface electrons to oxygen atoms or ozone molecules. It
results in a larger electronegativity during the pre-phase, and
the low electronegativity during the discharge current pulse
remains. Therefore, this approach reproduces the dependence
of the laser photodetachment effect on the variation of the
laser firing time from the experiment.

Besides the variation of the laser firing time, the influence
of the laser pulse energy variation on the laser photodetach-
ment effect was studied. The good agreement with the mea-
surement shows that the missing saturation of the laser
photodetachment effect with increasing laser pulse energy is
caused by the blurred laser beam profiles. The increase in
laser pulse energy increases the intensity in the wings of the
laser beam and causes a larger number of photodetached
electrons in these areas.

A discrepancy remains between the simulated and mea-
sured axial profiles of the laser photodetachment effect. This
discrepancy might be solved by introducing a time-dependent
negative ion production at the dielectric surface, but this
would need a description of the energy levels of the surface
electrons and a measurement of the electron binding energies
for comparison as well. Additionally to those studies, it is
recommended to perform the laser photodetachment experi-
ment during the first discharge breakdowns. Since the oxygen
atoms and ozone molecules accumulate during several dis-
charge pulses, this would cause lower densities of these
species and negative ions during the first discharge periods.

Nevertheless, the simulation of the laser photodetachment
gives important information about the influence of the electron
attachment in the volume and the impact of negative ions on
the discharge. In particular, volume attachment cannot be
responsible for the laser photodetachment effect, and these
processes are too small to have an effect on the discharge with
helium and 400 ppm oxygen as well. However, the discussion
shows that the negative ion formation at the negatively charged
surface might increase the negative ion density in the pre-phase
by several orders of magnitude. Such large negative ion den-
sities can contribute to the release of electrons during the pre-
phase by detachment processes. For large formation rates of
negative ions at the negatively charged dielectric, this competes
with the thermal electron desorption flux. In conclusion, the
formation of negative ions at the negatively charged dielectric
might be responsible for lowering the breakdown voltage and
favor the diffuse discharge development.
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