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Abstract
The presented work highlights the role of residual weakly-bound surface electrons acting as an
effective seed electron reservoir that favors the pre-ionization of diffuse barrier discharges (BDs).
A glow-like BD was operated in helium at a pressure of 500 mbar in between two plane
electrodes each covered with float glass at a distance of 3 mm. The change in discharge
development due to laser photodesorption of surface electrons was studied by electrical
measurements and optical emission spectroscopy. Moreover, a 1D numerical fluid model of the
diffuse discharge allowed the simulation of the laser photodesorption experiment, the estimation
of the released surface electrons, and the understanding of their impact on the reaction kinetics in
the volume. The breakdown voltage is clearly reduced when the laser beam at photon energy of
2.33 eV hits the cathodic dielectric that is charged with residual electrons during the discharge
pre-phase. According to the adapted simulation, the laser releases only a small amount of surface
electrons in the order of10 pC. Nevertheless, this significantly supports the pre-ionization. Using
a lower photon energy of 1.17 eV, the transition from the glow mode to the Townsend mode is
induced due to a much higher electron yield up to 1 nC. In this case, both experiment and
simulation indicate a retarded stepwise release of surface electrons initiated by the low laser
photon energy.

Keywords: helium barrier discharge, surface electrons, laser photodesorption, seed electrons,
pre-ionization, discharge mode transition

1. Introduction

Barrier discharges (BDs) belong to the most common dis-
charge types for industrial applications at atmospheric pres-
sure [1–3]. Dielectric-covered electrodes restrict the
breakdown current which allows the generation of non-
equilibrium plasmas. Moreover, BDs are quite promising due
to high chemical reactivity at comparatively low power

consumption. That is why this discharge type has become
indispensable for the surface treatment and modification of
heat-sensitive materials as well as for biomedical use [4, 5]. In
this context, the key position is addressed to laterally diffuse
BDs, often referred to as the atmospheric-pressure glow dis-
charge and the atmospheric-pressure Townsend discharge,
respectively [6].

A crucial formation criterion for diffuse BDs is assigned
to a sufficient pre-ionization, e.g., by secondary electron
emission (SEE) and Penning ionization requiring the presence
of species in metastable states. In this way, the long-living
species act as a memory between consecutive discharge
breakdowns. Also, the effective ionization rate during the
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breakdown must be moderate to avoid critical space charge
formation and streamer development, and to allow an overlap
of wide electron avalanches in lateral direction. For these
reasons, diffuse BDs are typically operated in helium and
nitrogen [7–11]. However, diffuse BDs are also observed in
oxygen-containing systems, especially, when the operating
frequency is low [7, 12, 13]. Since oxygen quenches the
metastable states, their effective lifetime becomes much
shorter than the discharge off-time under these conditions. As
a consequence, another source of seed electrons must exist
that provides the required pre-ionization. One possible and
recently discussed process is the thermal desorption of resi-
dual weakly-bound electrons from the dielectric surface [14].

The accumulation of charge carriers at dielectric surfaces
is most characteristic of BDs. Up to now, the physical nature
of surface charges, their trapping and binding mechanisms,
and their interaction with the discharge species are con-
troversially discussed. It is assumed that negative surface
charges are adsorbed electrons with low material-dependent
binding energy. These electrons are either trapped in the
shallow image potential just in front of the crystallographic
boundary or in the conduction band (CB) just inside the
dielectric, which depends on the solid’s electron affinity
[15, 16]. However, in general consensus, positive surface
charges are defect electrons (positive holes) in the valance
band caused by recombination of positive ions with electrons
at the dielectric surface [17, 18].

Indeed, investigations of thermally stimulated current,
thermoluminescence and optically stimulated luminescence
revealed electron trapping centers in the order of 1 eV, which
differs significantly from the valence-band electrons [19, 20].
Consequently, surface electrons can be removed more easily
than intrinsic electrons, wherefore one has to distinguish
between both species. The release of residual surface elec-
trons by thermal influence, photons, excited species or radi-
cals is assumed to favor the pre-ionization of diffuse BDs
[17, 21, 22]. Experiments revealed that the lower the binding
energy of surface electrons depending on the dielectric mat-
erial, the higher is the probability to operate diffuse BDs in air
[19]. Besides, streamer breakdown in air can be self-
synchronized and triggered via surface electron desorption by
incident photons coming from the discharge [23], and laser
photons [24], respectively.

The presented work investigates the effect of released
surface electrons on the pre-ionization of the diffuse BD in
helium. Besides the laser photodesorption experiment, a one-
dimensional numerical fluid simulation provides information
about the influence of released surface electrons on the
reaction kinetics in the discharge volume. The outline of this
article is as follows. The experimental setup and the diag-
nostics are described in section 2. Section 3 briefly points out
the most important features of the modeling. Finally, the
characteristics of the laser photodesorption effect and its
influence on the discharge mode are discussed in section 4
and section 5, respectively.

2. Experimental setup and methodology

2.1. Discharge configuration and gas supply

Figure 1 shows the plane-parallel discharge configuration.
The high-voltage driven electrode made of copper as well as
the grounded aluminum block were covered with float glass
(thickness of 0.7 mm, permittivity of 7.6). Gap spacers (not
drawn in the figure) made of polyether ether ketone defined
the discharge gap width of 3 mm. Four sidewise oriented
orifices enabled the direct gas supply, the investigation of the
optical emission from the discharge volume, and the laser
guidance. The discharge cell was placed inside a vacuum
chamber made of stainless steel that was pumped to a base
pressure below -10 mbar5 before it was filled with helium
(purity> 99.999%). The operating pressure of 500 mbar was
kept constant in the flowing regime (100 sccm) using a pro-
cess pump (TRIVAC D25BCSPFPE) in combination with a
diaphragm pressure gauge and a butterfly valve (MKS).

2.2. Electrical measurements

The discharge was operated with a sine-wave voltage ( )U text

at a frequency of 2 kHz provided by a power supply (Trek
PM04015). As illustrated in figure 2, the total transported

Figure 1. Sketch of the discharge configuration from side-view.

Figure 2. Diagnostic setup: electrical measurements, optical emis-
sion spectroscopy, and laser beam guidance.
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charge ( )Q text was measured via an external capacitor
( =C 3.4 nFext ) at the grounded electrode. The electrical
signals were recorded by a digital oscilloscope (LeCroy
9304AM). The gap voltage
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were recalculated by means of an appropriate electrical
equivalent circuit, introduced in [25, 26]. Here, Cgap and Cdie

are the capacitances of the gas gap and the dielectrics,
respectively. Both quantities are calculated based on the
assumption that the lateral discharge extent equals the circular
electrode area =A 1.1 cm2. Ctot is the total cell capacitance
derived from the flat slope of the ( )Q Uext ext plot (Lissajous
figure), and = - +( )C C C C C Cpar tot gap die gap die is the par-
allel capacitance beyond the lateral discharge extent.

2.3. Optical emission spectroscopy

The optical emission originating from the discharge volume
was depicted by a vertically moveable lens and detected by a
photomultiplier tube (PMT, Hamamatsu R928) in combina-
tion with a monochromator (MC, Acton Research Corpora-
tion, SpectraPro, focal length of 500 mm). The width of the
horizontal slit at the entrance of the MC was 0.2 mm, and the
lens was moved in steps of 0.1 mm. The spectral resolution of
1 nm results from the fixed -1200 mm1 grating and the
adjustable width of the vertical slits just in front and behind
the MC. The PMT signal was recorded by the digital oscil-
loscope with a temporal resolution of m0.1 s.

2.4. Laser photodesorption

The photodesorption experiment was performed by means of
a Nd:YAG laser (Quanta Ray GCR 130,10 Hz repetition rate,
170 mJ maximum energy, 10 ns pulse duration). As the sec-
ond harmonic wavelength l = 532 nmlsr was used, then the
fundamental wavelength l = 1064 nmlsr was filtered out by a
beam dump and vice versa (see figure 2). A system of mirrors
that were highly reflective for both laser wavelengths enabled
the vertical beam alignment. Thereafter, a cylindrical lens
(focal length of -300 mm) focused the laser beam only
vertically in order to pass the discharge gap width of 3 mm
just behind the focus. In the center of the discharge volume,
the elliptical cross-sectional area of the laser beam was
defined by the vertical half-axis of about 0.5 mm and the
horizontal half-axis of about 4.5 mm. Finally, the slight
divergence of the laser beam enabled the photodesorption of
surface electrons at a small angle of incidence.

Moreover, the laser pulse energy (Elsr) was detected by a
power meter (COHERENT, FieldMaxII) located behind the
vacuum chamber. The maximum pulse energy inside the
discharge volume was about =( )E 532 nm 70 mJlsr and

=( )E 1064 nm 110 mJlsr , respectively. Furthermore, the laser
pulse was shifted along the phase of the feeding voltage by
means of a pulse delay generator (SMV PDG 204). The
experiment was triggered by the laser pulse train at 10 Hz.
Each time, up to four consecutive discharge cycles at the
operating frequency of 2 kHz were recorded in order to
analyze the laser-induced change in discharge characteristics
and its relaxation behavior.

3. Numerical fluid simulation

3.1. Simulation of the discharge

A detailed description of the one-dimensional fluid simulation
regarding the balance equations, boundary conditions,
numerics, and parameter variations is given in [22]. However,
this time, the simulation considered small (synthetic) air
impurities, defined by the density ratio =[ ] [ ]N O 4 12 2 ,
instead of small admixtures of oxygen to helium. A minimum
set of relevant species and reactions, summarized in table 1,
was used which enabled the simulation to represent the main
discharge characteristics from the experiment.

The ground-state neutral species He, N2, and O2 act as
the background gas, and the charged species are electrons and
the positive ions He+, He2

+, +N2 ,
+N4 ,

+O2 , and
+O4 . Negative

ion formation was ignored in the present simulation since the
concentration of oxygen impurities is only around 20 ppm,
and the previous simulation of the discharge in helium with
400 ppm oxygen admixture revealed no remarkable influence
of negative ions and related processes on the discharge
development [22]. Metastable atoms Hem and dimers He2

m are
included as well as further resonantly excited He states ser-
ving as immediate sources of UV and VIS photons. Note that
the VIS radiation relaxation is only simulated for comparison
with the measured optical emission from the experiment. The
rate coefficients for excitation and ionization by electron
impact were calculated using BOLSIG+ and the cross
sections taken from lxcat.net and the Lisbon database
[27, 29, 30], and for heavy particle collisions from [5, 28, 31].
Note that the stated rate coefficient for recombination of +O2
ions with electrons is the sum over several dissociative and
non-dissociative reaction channels, given in [31]. Electrons
reaching the dielectric surface are fully absorbed, ions
become neutralized, and He metastable states become de-
excited. Here, SEE is considered for incident ions (g+),
metastable states (gm), and UV photons (gph). Moreover,
thermal desorption of surface electrons is included in the
simulation, as proposed in [17].

The electron transport parameters were obtained as a func-
tion of the reduced electric field strength E/n using BOLSIG+.
As motivated in [17], the axial electric field distribution

e e=( ) ( ) ( )E z t D z t, , 0 r was calculated analytically from the
electric displacement field ( )D z t, , which allows a fast

3

Plasma Sources Sci. Technol. 26 (2017) 075006 R Tschiersch et al



determination of the electric field in 1D compared to the num-
erical solution of the Poisson’s equation. Therefore, Gauss’s law

s d r s d= + + -( ) ( ) ( ) ( ) ( ) ( ) ( )D z t t z z t t z gdiv , , , 41 2

was integrated stepwise for the dielectrics and the gas gap. Here,
r ( )z t, is the charge density distribution inside the gas gap, and
s ( )t1 and s ( )t2 are the surface charge densities on both dielec-
trics. Two boundary conditions must be considered. Firstly, the
total charge is conserved,

òs r s+ + =( ) ( ) ( ) ( )t z t z t, d 0. 5
g

1
0

2

Secondly, the unspecified integration constant resulting from
the stepwise integration of Gauss’s law (4) was determined by
the equivalence of the axially integrated electric field and the
applied voltage

ò= -
-

+
( ) ( ) ( )U t E z t z, d . 6

d

g d

ext

Here, d and g are the widths of the dielectrics and the gas gap,
respectively. Finally, the analytical formula for the spatio-
temporal electric field distribution inside the gas gap

Table 1. Elementary processes considered in the simulation. The corresponding rate coefficients have units of -cm s3 1 for two-body reactions
and -cm s6 1 for three-body reactions. Te is the mean electron temperature and Tg denotes the gas temperature.

Reaction Rate coefficient References

Electron-impact excitation
+  +- -e He He em ( )f E n [27]
+  +- -( )Pe He He 2 e1 ( )f E n [27]
+  +- -( )Se He He 3 e3 ( )f E n [27]

Radiation relaxation
n +( ) ( ) ( )P S hHe 2 He 1 UV1 1 ¥ (immediately)
n +( ) ( ) ( )S P hHe 3 He 2 VIS3 3 ¥ (immediately)

Electron-impact ionization
+  +- + -e He He 2e ( )f E n [27]
+  +- + -e N N 2e2 2 ( )f E n [27]
+  +- + -e O O 2e2 2 ( )f E n [27]

Ion–electron recombination
+ - +e N N2 2 ´ - -( )T T4.8 10 7

e g
0.5 [28]

+ - +e N 2N4 2 ´ - -( )T T2 10 6
e g

0.5 [28]
+ - +e O products2

a ´ - -( )T2.8 10 8
e

0.7 [31]
+ - +e O 2O4 2 ´ - -( )T2.25 10 7

e
0.5 [5]

Penning ionization
+  + ++ -He N N He em

2 2 ´ -5.00 10 11 [28]
+  + ++ -He N N 2He e2

m
2 2 ´ -3.00 10 11 [28]

+  + ++ -He O O He em
2 2 ´ -2.54 10 10 [31]

+  + ++ -He O O 2He e2
m

2 2 ´ -1.00 10 10 [31]
Charge transfer

+  ++ +He N N He2 2 2 2 ´ -1.403 10 9 [28]
+  ++ +He O O He2 2 ´ - ( )T3.3 10 30011

g
0.5 [31]

Charge conversion
+  ++ +He 2He He He2 ´ - -( )T1.4 10 30031

g
0.6 [31]

+  ++ +He O O 2He2 2 2 ´ - ( )T1 10 3009
g

0.5 [5]
+ +  ++ +N N M N M2 2 4 ´ -1.90 10 29 [28]
+  + ++ +N M N N M4 2 2 ´ -2.50 10 15 [28]
+ +  ++ +O O He O He2 2 4 ´ - -( )T5.8 10 30031

g
3.1 [5]

+  + ++ +O He O O He4 2 2 ´ -3.00 10 17 [5]
Neutrals conversion

+  +He 2He He Hem
2
m ´ -2.00 10 34 [31]

+  +He M 2He M2
m ´ -1.50 10 15 [5]

Wall reaction
+ - -( )e wall e wall 1.000

g+  ++ -
+

-( )M e wall M e 1.000

n g+ - -( ) ( )h UV e wall eph 1.000

g+  + -He wall He em
m 1.000
g+  + -He wall 2He e2

m
m 1.000

a

Further details are given in the text.
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Moreover, the balance equation for the density nk of species k at
position z and time t,
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was solved numerically using the Euler method in combination
with different dynamic time steps for fast and slow collision
processes, allowing a maximum change in the species densities
of 5% from one to another time step. This limit is a compromise
between the computing time, the calculation accuracy and the
stability of the simulation. However, using 2% or10% does not
result in significant changes in the discharge characteristics. In
equation (9), ( )S z t,k is the total rate of production and loss by
collisions, and G ( )z t,k denotes the total flux of the species
density ( )n z t,k , including the diffusion flux for neutral particles

G = -
¶
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( ) ( ) ( )z t D

n z t

z
,

,
10diff

k
k

k

and, additionally, the drift flux for charged particles

mG = ( ) ( ) ( ) ( ) ( )z t n z t z t E z t, , , , , 11drift
k

k k

where Dk denotes the diffusion coefficient and m ( )z t,k is the
mobility of the charged particles. Regarding the numerical
discretization, a centered scheme was used for the diffusion
flux, whereas the drift flux was handled by an upwind scheme.
More details regarding the numerics can be found in [22].

3.2. Adaption to the experiment

The next step was the adaption of the simulation to the
experiment, since the actual effect caused by laser photo-
desorption of surface electrons is very sensitive to the initial
discharge characteristics. Therefore, the density of air impu-
rities = +n n nair N O2 2

, the gas temperature Tg, the SEE
coefficients g+ and gph, and the electron flux Je

des caused by
thermal desorption were varied. Their respective influence on
the discharge was separately discussed in [22]. Several
parameter sets result in a satisfying agreement with the dis-
charge characteristics from the experiment, and reproduce the
laser photodesorption effect as well. However, for the further
discussion we chose one parameter set.

Figure 3 presents the discharge characteristics from
experiment compared to the adapted simulation. A good
agreement is achieved for 80 ppm air impurities, =T 300 Kg ,

= - -J 10 cm se
des 12 2 1, and g g= =+ 0.2e e

ph . In (a), the applied
voltage ( )U text , gap voltage ( )U tgap , and discharge current

( )I tdis from experiment (gray lines) and simulation (colored
lines) are plotted. In (b)–(d), the measured spatio-temporal

development of the He( S P3 23 3 ) emission at l =
706.5 nm, the simulated excitation rate of the radiative
He(3 S3 ) state, and the reduced electric field strength are
depicted. The discharge current pulse, the gap voltage drop,
the cathode-directed ionization front, and the absence of a
positive column are well-reproduced by the simulation. Note
that the simulated gap voltage drop lasts longer. Probably, the
electron–ion recombination during the afterglow might be too
slow to describe the experiment with consideration of the
used set of reactions in table 1, as also pointed out in [32].
But, the investigated laser photodesorption effect influences

Figure 3. Measured and simulated characteristics of the glow-like
BD in helium: (a) gap voltage ( )U tgap and discharge current ( )I tdis

during the negative half-cycle of the sine-wave feeding voltage
( =Û 0.8 kVext ), comparing experiment (gray lines) and simulation
(colored lines). (b)–(d) Spatio-temporal evolution of measured
He( S P3 23 3 ) emission at l = 706.5 nm, simulated excitation rate
for the resonantly excited He(3 S3 ) state, and reduced electric field
strength. (e) Spatially averaged particle-density profiles.
(f) Contribution of ions and metastable species, UV photons, and
thermal desorption (TD) to the total flux of secondary electron
emission from the cathodic dielectric.
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primarily the well-reproduced discharge pre-phase and the
breakdown. Moreover, in (e) and (f), the spatially averaged
particle-density profiles and the contribution of ions, helium
metastable states, UV photons, and thermal desorption to the
total SEE flux are plotted, respectively. During the early
discharge pre-phase, the thermal desorption of surface elec-
trons from the cathodic dielectric clearly dominates and
provides the required pre-ionization. But, during the late pre-
phase as well as during the breakdown, the SEE by ions and
UV photons determines the total SEE flux.

Note that the simulation does not account for radiation
trapping, which means that the excitation of the He( P21 ) state
results in UV photons by radiation relaxation to the ground
state, but it does not consider de-excitation to metastable
states. As a consequence, the simulation might over-predict
the SEE by UV photons. However, since the SEE by ions is in
the same order of magnitude, the effect of missing radiation
trapping remains small. This can be compensated by a rea-
sonable increase of the SEE coefficient for ions from 0.2 to
0.25 when the excitation of He( P21 ) ends in the metastable
state, only. In a current work under identical discharge con-
ditions [33], it was estimated by Townsend’s criterion for the
breakdown voltage that effective SEE coefficients may lie
between 0.04 and 0.4 depending on the (charged) dielectric
material. Also, the rates for electron-impact excitation of
He( S21 ) and He( S23 ) are clearly larger than for He( P21 ) at low
electric fields, wherefore the metastable densities are not
remarkably influenced by radiation trapping.

3.3. Simulation of laser photodesorption

Modeling the complex interaction between the laser photons
and the charged dielectric surface is beyond the scope of this
work, since the number density of incoming laser photons is
not well-defined, and the photodesorption probabilities as
well as the binding energy of electrons adsorbed to an impure
dielectric are not well-known. Instead, laser photodesorption
of surface electrons was implemented in the simulation by
removing a defined surface electron density s -e

tot. During the
laser pulse duration of =T 10 nslsr at the firing time tlsr, that is
varied with respect to the phase of the feeding voltage, the
time-dependence of the released surface electron density is
calculated by a Gaussian distribution,

s s
p

= -
-

- -

⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( )t

T

t t

T

4 ln 2
exp 4 ln 2 . 12e e

tot

lsr

lsr
2

lsr
2

Actually, the temporal shape of the laser pulse is not crucial
since the pulse duration Tlsr is short compared to the ms time
scale of the discharge development. But, this is the most
realistic shape and its smoothness stabilizes the numerics. The
released surface electrons are put into the first grid cell next to
the dielectric and, then, they can either diffuse back and
become adsorbed again or they drift towards the discharge
volume and multiply by ionization processes. Note that this
boundary condition is the same as for secondary electrons and
electrons from the discharge volume [34]. Finally, s -e

tot was
varied to adapt the simulated effect to the laser photo-
desorption effect from experiment. In this way, s -e

tot may

represent the charge density of surface electrons released by
the laser.

4. Laser photodesorption of surface electrons

4.1. Effect on electrical discharge characteristics

Starting with the experimental results, figure 4 shows the
change in electrical discharge characteristics caused by laser
photodesorption of surface electrons. Here, the sine-wave
feeding voltage ( )U text , the gap voltage ( )U tgap , the discharge
current ( )I tdis , and the surface charge density s ( )tsur on the
laser-exposed dielectric are plotted for three consecutive
discharge cycles, both with laser pulse (colored lines) and, for
reference, without laser pulse (gray lines). The laser beam hits
the negatively charged cathodic dielectric during the dis-
charge pre-phase. The laser wavelengthl = 532 nmlsr is used
at the maximum pulse energy =E 70 mJlsr . According to the
literature [19, 24], the corresponding photon energy

=E 2.33 eVph is high enough to release weakly-bound sur-
face electrons from the glass-coated electrodes.

At first, no additional laser-induced current pulse or
corresponding change in surface charge density s ( )tsur is
observed. Hence, it follows that the amount of electrons -Qe

tot

released by laser photons is below the detection limit, which
allows at least the rough estimation of an upper limit for -Qe

tot:
taking into account the measuring capacitance of 3.4 nF,
typical signal amplitudes of a few volts, and the12 bit vertical
resolution of the oscilloscope, the resolution limit is in the
order of tens of pC. Although no immediate effect occurs
coinciding with the laser pulse, the laser-influenced discharge
ignites at a clearly lower gap voltage (DU ) and thus earlier
(Dt) than the discharge without laser pulse. That means the
released electrons significantly support the pre-ionization.
Moreover, the lower breakdown voltage causes a smaller
amount of transported charge and deposited charge density
( sD ). Because of the surface charge memory effect, the dis-
charge breakdown during the following half-cycle starts later.
Thereafter, the laser-affected discharge characteristics recon-
stitute within the two following voltage periods, since the
discharge development is controlled by the unchanged oper-
ating conditions such as the feeding gas and the applied
voltage. Hence, the influence of long-term effects due to
laser-heating of the dielectric surface can be excluded.

Increasing the feeding voltage amplitude from
=Û 0.8 kVext to =Û 1.15 kVext causes two discharge

breakdowns per half-cycle. Under these conditions, the laser
photodesorption effect is shown in figure 5. Both the elec-
trical measurements and the spatio-temporal evolution of the
optical emission revealed that the first discharge breakdown
operates in the glow mode and the second one in the
Townsend mode. The first glow-like discharge breakdown is
directly influenced by laser photodesorption of surface elec-
trons during its pre-phase at m=t 225 slsr . The characteristic
changes in the electrical discharge quantities are the same as
already discussed for one breakdown per half-cycle in
figure 4. However, this time the discharge is not disturbed for
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some voltage periods. Instead, the initial discharge char-
acteristics are reconstituted already after the second break-
down within the same half-cycle. Due to the less deposited
surface charge after the first laser-affected breakdown, the

ignition voltage for the second breakdown is reached earlier
in comparison to the discharge behavior without laser pulse.
Once the ignition voltage for the second discharge breakdown
has been reached it keeps constant as long as the sine-wave
feeding voltage is rising. This is typical for the Townsend
discharge mechanism which explains the full compensation of
the laser-induced disturbance.

4.2. Influence on reaction kinetics in the volume

In figure 6, the simulated discharge characteristics are plotted
without laser (gray lines) and with artificial release of
s = -- 12 pC cme

tot 2 surface electron density (colored lines),
which matches the best with the laser photodesorption effect
from experiment in figure 4. Above, the gap voltage ( )U tgap

and the discharge current ( )I tdis are plotted. In good agree-
ment with the experiment, the simulation reveals a lower
ignition voltage, corresponding earlier breakdown onset, and
less transported charge when additional electrons are released
from the cathodic dielectric during the pre-phase. Below, the
dynamics of the spatially averaged densities of electrons,
positive ions (in total), and He metastable states are shown.
Even this comparatively small amount of additionally
released surface electrons significantly supports the pre-
ionization, because the initial volume electron density is very
low during the early pre-phase. At first, the volume electron
density rises immediately by two orders of magnitude due to
laser photodesorption of surface electrons

n+ - -( ) ( ) ( )he surface e free . 13

Figure 4. Laser photodesorption effect for one discharge breakdown per half-cycle: temporal behavior of applied voltage ( )U text and gap
voltage ( )U tgap (top), discharge current ( )I tdis (center), and surface charge density s ( )tsur (bottom) for the discharge without laser pulse (gray
lines) and with laser pulse (colored) marked by an arrow at the time m230 s. The laser beam hits the cathodic dielectric that is charged with
residual surface electrons at this time. The quantitiesDU ,Dt and sD define the difference in breakdown voltage, the time shift between the
peak values of the currents and the difference in deposited charge density, respectively, comparing the laser-affected and unaffected
discharge. Applied voltage amplitude =Û 0.8 kVext . Laser: l = 532 nmlsr , =( )E 532 nm 70 mJlsr .

Figure 5. Laser photodesorption effect for two discharge breakdowns
per half-cycle: the depiction is the same as already explained in figure 4.
Applied voltage amplitude =Û 1.15 kVext . Laser: m=t 225 slsr ,
l = 532 nmlsr , =( )E 532 nm 70 mJlsr .
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The desorption energy hv must exceed the binding energy of
electrons deposited on the dielectric surface. In general, this
energy can be provided by photons, excited species, or ther-
mal processes. Subsequently, the density of He metastable
states is enhanced by one order of magnitude via fast electron-
impact excitation

+  +- - ( )e He He e , 14m

followed by slower Penning ionization of air impurities

+  + ++ + - ( )He N O He N O e . 15m
2 2 2 2

Thereby, the increase in the densities of +N2 and +O2 is
delayed, and the volume electron density keeps high after the
first short-lived laser-induced peak. Finally, the additional
positive ions move to the cathodic dielectric and enhance the
yield of secondary electrons

+  ++ + - -( ) ( ) ( )N O 2e surface N O e free . 162 2 2 2

The disturbance in the species densities with respect to the
ordinary development without laser interaction (gray lines)
lasts for some tens of microseconds, which is mainly due to
the effective lifetime of the metastable states. Summarized,
the laser-enhanced pre-ionization does not reconstitute until
the breakdown onset, wherefore the discharge characteristics
finally change. Inversely, especially because of the lower gap
voltage during the discharge current pulse, the densities of
electrons, He metastable states and ions are slightly reduced
during the laser-affected discharge breakdown in comparison
to the unaffected discharge. As a result, the overall amount of
transported charge is less for the laser-disturbed discharge.

The favoring of pre-ionization due to the presence of few
additional electrons was also discussed in studies concerning
the laser-induced branching and guiding of streamers in air
[35, 36], and laser photodetachment of negative ions in

diffuse helium–oxygen BDs [37]. These investigations and
the present work have in common that no laser-induced
current is detected due to the marginal number of additional
electrons. But, these electrons are sufficient to enhance the
ionization rate which, later on, results in notable effects on the
discharge breakdown. From this point of view, these results
underline the significance of a small amount of seed electrons
for the required pre-ionization to form diffuse BDs. Espe-
cially, for the standard operation of diffuse BDs driven by low
operating frequency, these seed electrons might be provided
by thermal desorption of surface electrons, as assumed in
[14, 17, 22].

4.3. Parameter variations

In figure 7, the laser photodesorption effect, quantified by the
earlier ignition onset Dt and the difference in surface charge
density sD , is depicted in dependence of the axial laser beam
position. The laser is fired during the discharge pre-phase
with maximum pulse energy =( )E 532 nm 70 mJlsr resulting
in the largest effect on the discharge. The discharge char-
acteristics change only if the laser beam hits the cathodic
dielectric that is charged with residual surface electrons.
There is no effect at all if the laser beam passes the gas gap or
hits the positively charged anodic dielectric. Thus, the laser
photon energy is insufficient to create additional charge car-
riers in the volume. As well, there is no significant contrib-
ution of laser photodetachment of negative ions to the
observed effect on the discharge, since the oxygen con-
centration in the order of 20 ppm is too low in the present
experiment. Note that a measurable effect by laser photde-
tachment of negative ions in the volume was reported for at
least 400 ppm oxygen admixture to helium under otherwise
similar discharge conditions [37]. When the laser hits the
anodic dielectric, no weakly-bound surface electrons are
present, and the photon energy is too low to release electrons
from the valence band. However, even if electrons would be
removed from the anodic dielectric, they will be retarded by
the electric field. Since the vertical extent of the laser beam is
approximately 1mm inside the discharge gap, the effect
occurs already for a distance of about 0.5 mm to the cathodic

Figure 6. Simulated laser photodesorption effect adapted to the
experiment in figure 4: (a) gap voltage ( )U tgap and discharge current

( )I tdis without laser pulse (gray lines) and with artificial release of
s = -- 12 pC cme

tot 2 surface electron density (colored). (b) Dynamics
of the spatially averaged densities of electrons, positive ions (in
total), and He metastable states.

Figure 7. Laser-induced time shift Dt of the breakdown onset and
difference in surface charge density sD depending on the axial
position of the laser beam inside the discharge gap. The laser is fired
during the discharge pre-phase resulting in the maximized effect.
Applied voltage amplitude =Û 0.8 kVext . Laser: l = 532 nmlsr ,

=( )E 532 nmlsr 70 mJ.
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dielectric. As the laser beam comes closer to the cathodic
dielectric,Dt and sD increase monotonously but not linearly.
The reason is that the axial distribution of the laser radiation
intensity differs from a homogenous profile. Therefore, the
variation of the axial laser beam position changes both the
effective illumination area as well as the density of incoming
laser photons.

Since Dt and sD are correlated and both quantify the
same laser-induced effect, only Dt is considered in the fol-
lowing discussion. Figure 8 depicts the laser photodesorption
effect when shifting the laser pulse in time steps of m5 s over
a full discharge cycle. The periodic changes in surface charge
polarity and electric field direction across the gas gap are
illustrated in (a). Below in (b), the feeding voltage ( )U text , the
gap voltage ( )U tgap , and the discharge current ( )I tdis are
plotted for the discharge without laser interaction. The high-
lighted times t1 to t4 mark the zero-crossings of the gap
voltage and the breakdown onsets, respectively. In (c), the
laser-induced time shift Dt of the breakdown onset is shown
in dependence of the moment of the laser pulse. The laser
photodesorption effect is significant only if the laser pulse
was set between t1 and t2, which marks the pre-phase of the
discharge in the negative half-cycle. It starts with the zero-
crossing of the gap voltage and it ends just after the onset of
the discharge breakdown. Hence, the laser photodesorption
effect occurs only when the laser hits the cathodic dielectric
charged with residual surface electrons. In this case, the

released electrons are able to pass the discharge gap on their
way to the anode and, thereby, they enhance the pre-ioniz-
ation. Although the upper dielectric is already charged with
surface electrons before t1, at this time the gap voltage
polarity prohibits the movement of the laser-released elec-
trons through the gas gap. Nonetheless, one should note that a
very small effect is observed before t1 too, indicating low
ionization by the released electrons in front of the upper di-
electric. Vice versa, during the pre-phase of the positive half-
cycle between t3 and t4, the gap voltage polarity would allow
a laser-induced effect, but no surface electrons are bound to
the anodic dielectric at this time.

In figure 9, the laser photodesorption effect, quantified by
the time shift Dt of the breakdown onset, is shown in
dependence of the laser pulse energy Elsr (experiment) and the
released surface electron density s -e

tot (simulation). In (a) and
(b), Dt is plotted as a function of the moment of the laser
pulse during the discharge pre-phase for different values of
Elsr and s -e

tot, respectively. In (c), the quantity Dt , that is
averaged over the respective temporal profile in (a), is plotted

Figure 8. Laser photodesorption effect depending on the laser pulse
in time with respect to the sine-wave operation: (a) the laser hits the
upper dielectric. The surface charge polarity changes during each
discharge breakdown, and the direction of the electric field across the
discharge gap is determined by the gap voltage polarity. (b) Applied
voltage ( )U text , gap voltage ( )U tgap and discharge current ( )I tdis for
the discharge without laser pulse. (c) Laser-induced time shiftDt of
the breakdown onset. The highlighted times t1, t2, t3 and t4 mark the
zero-crossings of the gap voltage and the breakdown onsets without
laser pulse, respectively. Applied voltage amplitude =Û 0.8 kVext ,
Laser: l = 532 nmlsr , =( )E 532 nm 70 mJlsr .

Figure 9. Laser photodesorption effect in dependence of the laser
pulse energy Elsr (experiment) and the released surface electron
density s -e

tot (simulation): time shift Dt of the breakdown onset as a
function of the moment of laser pulse during the discharge pre-phase
for different values of (a) Elsr and (b) s -e

tot. Temporally averaged time
shift Dt as a function of Elsr (c), and Dt as a function of s -e

tot at
m=t 250 slsr (d).
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as a function of Elsr. In (d), the simulated quantity Dt for the
laser pulse at m=t 250 slsr is plotted as a function of s -e

tot in
double-logarithmic scale. The higher the laser pulse energy,
the higher is the density of incoming photons and the larger is
the amount of released electrons. Therefore, the laser photo-
desorption effect rises both with increasing Elsr and s -e

tot. The
profiles in (a) agree qualitatively and quantitatively well with
those in (b). However, the maximum inDt occurs at different
laser pulse times comparing experiment and simulation.
Moreover, in (c) the slope of D ( )t Elsr increases with
increasing Elsr, whereas in (d) the slope of sD -( )t e

tot decreases
with increasing s -e

tot. Most likely this discrepancy is associated
with a change in the cross-sectional area and the axial
intensity distribution of the laser beam by variation of Elsr. It
should be mentioned as well, that not all of the initially
released electrons drift towards the anode and participate in
ionization processes. The reason is the partial re-trapping of
released surface electrons after subsequent back-diffusion to
the dielectric.

5. Laser-induced discharge mode transition

5.1. Influence of laser photon energy

Since the laser photodesorption of surface electrons corre-
sponds to an artificial increase in the SEE which enhances the
pre-ionization, the BD mode might finally change. This was
tested first for the laser wavelength l = 532 nmlsr which
corresponds to the photon energy =E 2.33 eVph . Figure 10
illustrates the laser photodesorption effect on the development
of the glow-like BD, regarding the electrical characteristics in
(a), and the spatio-temporal evolution of the He( S P3 23 3 )
emission at l = 706.5 nm with laser pulse and without laser
pulse in (b). As already discussed, the laser-induced effect is
characterized by discrepancies in the ignition voltage,
breakdown onset, and transported charge. The He line emis-
sion in figure 10(b) acts as an indicator for both high electron
density and energy, since the resonantly excited He(3 S3 ) state
is dominantly populated by electron-impact excitation from
the He ground state requiring high excitation energy of
22.7 eV,

+  +- -( ) ( ) ( )S SHe 1 e He 3 e , 171 3

n +( ) ( ) ( ) ( )S P hHe 3 He 2 706.5 nm . 183 3

Both with and without laser pulse, the ionization front starts in
front of the anode and propagates towards the cathode, as
typical for the glow-like BD. However, the ionization front of
the laser-affected discharge starts noticeably earlier and propa-
gates slower compared to the unaffected development. This is
due to the laser-induced decrease in breakdown voltage. But,
the gap voltage drop during the laser-affected breakdown is still
large, and the maximum emission is just slightly shifted towards
the anode. Summarized, the discharge mode is not changed by
laser photodesorption of surface electrons at =E 2.33 eVph .
This is confirmed by the simulated electrical characteristics and
total ionization rate in figures 10(c) and (d). Releasing a surface
electron density of s = -- 240 pC cme

tot 2 from the cathodic

dielectric enhances the pre-ionization of the discharge in
agreement with the experiment. As well, the reduced break-
down voltage causes a slower cathode-directed propagation of
the ionization front and a decrease in total ionization rate during
the breakdown phase. In contrast to the experiment, the simu-
lation reveals a small additional current peak of sub-micro-
second duration at the moment of the laser pulse. Since the
amount of laser-released electrons is still below the detection
limit of the measured total charge ( )Q text , such small current
peak could not be identified in the recalculated discharge cur-
rent ( )I tdis in the experiment.

Increasing the laser wavelength from l = 532 nmlsr to
l = 1064 nmlsr corresponds to a decrease in photon energy
from =E 2.33 eVph to =E 1.17 eVph . In figure 11, the

Figure 10. Laser photodesorption effect on the discharge development
comparing experiment with laser photon energy of =E 2.33 eVph

and adapted simulation with released surface electron density of
s = -- 240 pC cme

tot 2: gap voltage ( )U tgap and discharge current ( )I tdis

for the discharge with laser pulse (colored lines) in comparison to the
unaffected discharge (gray lines), for (a) experiment and (c)
simulation. Spatio-temporal development of (b) He line emission at
l = 706.5 nm and (d) total ionization rate, without laser pulse (top)
and with laser pulse (bottom), respectively. The laser beam hits the
negatively charged cathodic dielectric. Applied voltage amplitude

=Û 0.8 kVext . Laser: =E 70 mJlsr .
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unaffected discharge current is compared with the discharge
current disturbed by laser photodesorption of surface elec-
trons during the pre-phase for different laser pulse energies at
the photon energy =E 1.17 eVph . Again, the laser-induced
effect on the discharge, characterized by the earlier break-
down onset and less transported charge, increases with
increasing laser pulse energy. But, in contrast to the laser
photodesorption effect at =E 2.33 eVph , an additional cur-
rent peak just after the laser pulse is observed using the
photon energy =E 1.17 eVph at the pulse energies

=E 70 mJlsr and =E 110 mJlsr . The additional current peak
indicates a large amount of released surface electrons. Note
that =E 70 mJlsr equals the maximum available pulse energy
at =E 2.33 eVph used in figure 10. Hence, =E 1.17 eVph

is more efficient in releasing surface electrons than =Eph

2.33 eV.
For =E 1.17 eVph at the maximum available pulse

energy =E 110 mJlsr , figure 12 shows the laser photo-
desorption effect on the discharge development comparing
the experiment with the adapted simulation. The depiction is
the same as already introduced in figure 10. Unlike the laser
photodesorption effect at =E 2.33 eVph , the discharge
breakdown affected by the laser at =E 1.17 eVph starts at the
moment of the laser pulse, and is characterized by an almost
constant gap voltage during the weak discharge current pulse
of about m150 s duration. It is most notable that the maximum
of the optical emission originating from the laser-affected
discharge is clearly shifted towards the anode, compare
figure 12(b) top and bottom. In conclusion, the additional
current peak and the transition from the glow mode to a kind
of Townsend mode, favored by effective SEE, indicate a large
amount of released surface electrons. Indeed, the released
surface electron density must be increased significantly to
s = -- 3.6 nC cme

tot 2 in order to adapt the simulation to the
experiment at =E 1.17 eVph . Note that this electron yield
exceeds the total electron density deposited onto the dielectric
surface. However, with consideration of the finite laser pulse
duration and the effective re-trapping of released electrons,
this is no contradiction. In agreement with the laser-affected

discharge from experiment in figures 12(a) and (b), the gap
voltage remains nearly constant and the discharge current is
weak and long-lasting. As well, the total ionization rate is
clearly enhanced during the pre-phase but reduced during the
breakdown, and its maximum is shifted away from the cath-
ode, see figures 12(c) and (d). Also, the additional current
peak at the moment of the laser pulse is observed due the
large amount of released surface electrons.

5.2. Stepwise release of surface electrons

In figure 13, the discharge current is plotted without and with
laser photodesorption of surface electrons at =E 2.33 eVph

and =E 1.17 eVph . The additional current peak caused by the
released electrons just after the laser pulse at =E 1.17 eVph is
characterized by a raise to its maximum within few micro-
seconds followed by a slightly slower decrease. This delay
with respect to the moment of the laser pulse (10 ns duration)
as well as the overall duration of this current peak take much

Figure 11. Discharge current affected by laser photodesorption of
surface electrons for different laser pulse energies Elsr at the photon
energy =E 1.17 eVph compared to the unaffected discharge current.

Applied voltage amplitude =Û 0.8 kVext .

Figure 12. Laser photodesorption effect on the discharge develop-
ment comparing experiment with laser photon energy of

=E 1.17 eVph and adapted simulation with released surface electron
density of s = -- 3.6 nC cme

tot 2. The depiction is the same as already
introduced in figure 10. Applied voltage amplitude =Û 0.8 kVext .
Laser: =E 110 mJlsr .
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too long compared to the transit time of electrons drifting
through the 3 mm discharge gap when the breakdown voltage
has been reached. Thus, the delay between the laser pulse and
the current peak indicates the stepwise release of surface
electrons initiated by the low laser photon energy.

In fact, a reasonable microscopic description of an
impure dielectric surface is beyond the scope of this work.
However, one possible sequence for the stepwise electron
release is shown in figure 14, which is a sketch of the inter-
face between the discharge and the dielectric surface, based
on the model in [16]. The bending of both the valence band
and the CB is caused by the charging with surplus electrons.
Most of the dielectric materials that are commonly used in BD
configurations, such as silica or alumina, have positive elec-
tron affinity c > 0 [15]. The latter is defined as the energy
difference between the lower edge of the CB and the effective
surface potential wall just outside the dielectric boundary
resulting from the superposition of the image potential and the
plasma sheath potential. In this context, free electrons (Qfree)

are defined as those electrons having enough energy to
overcome the effective potential wall. In particular, the model
in [16] predicts the trapping of electrons from the discharge
within the CB, with subsequent relaxation to deeper energy
levels. From experimental investigations of the thermally and
optically stimulated luminescence [19, 20], it is known that
the residual surface electrons have low material-dependent
binding energy in the order of 1 eV. Thus, the electrons are
finally trapped in additional band gap states (Qgap) originating
from chemical contamination, doping, or structural damage
caused by the discharge exposure.

In the present experiment using float glass plates cover-
ing the electrodes, it is therefore assumed that the laser photon
energy =E 2.33 eVph allows the direct release of surface
electrons from the population Qgap. In contrast, the shape of
the additional current peak using the low photon energy

=E 1.17 eVph can be explained by fast laser-excitation of
surface electrons to the CB (QCB), followed by the slower
transfer to the shallow surface potential valley (QSP), and,
finally, the excited electrons might be released by incident
ions, photons, or thermal desorption. Of course, multiple
energy levels and de-excitation must be considered for an
accurate description. But, this is neglected here since the idea
is just to demonstrate whether stepwise surface electron
release may explain the experiment. Since the laser pulse is
short compared to the slow processes depleting the CB, the
laser-excited electron populationQCB is immediately build up.
Hence, the rate equation system according to the excitation
sequence proposed in figure 14 reads

= - ( )Q

t
r Q

d

d
, 19CB

SP CB

= - ( )Q

t
r Q r Q

d

d
, 20SP

SP CB free SP

= ( )Q

t
r Q

d

d
. 21free

free SP

Following this one-directional sequence, the time-dependent
populationQCB just decays exponentially according to the rate
rSP, starting from the initial laser-excited amount

= º -( )Q t Q0CB e
tot. Finally, inserting the solution for the

inhomogeneous rate equation (20) into equation (21) yields
the time-dependent current of released surface electrons

=
-

-- -- ( ) ( )Q

t
Q

r r

r r

d

d
e e . 22r t r tfree

e
tot SP free

SP free

free SP

For =-Q 0.7 nCe
tot , m= -r 0.7 sSP

1, and m= -r 0.3 sfree
1, the

current calculated from equation (22) is plotted as a dashed
line in figure 13. In general, the calculated current reproduces
the shape of the measured current peak induced by laser
photodesorption at low photon energy =E 1.17 eVph , which
supports the assumption of stepwise electron release. In
conclusion, at least two intermediate states for the surface
electrons, here QCB and QSP, are necessary to explain (i) the
delay between the laser excitation and the current pulse
maximum, as well as (ii) the slow decrease afterwards.
However, this simple 0D analytical calculation cannot per-
fectly match with the experiment due to spatial inhomo-
geneities in laser radiation intensity, and due to the lack of

Figure 13. Discharge current without laser pulse and with laser
photodesorption of surface electrons at the photon energies

=E 2.33 eVph and =E 1.17 eVph , and calculated additional current
peak just after the laser pulse assuming stepwise surface electron
release at =E 1.17 eVph according to equation (22), with

=-Q 0.7 nCe
tot , m= -r 0.7 sSP

1, m= -r 0.3 sfree
1.

Figure 14. Sketch of the interface between the discharge and a
dielectric wall having positive electron affinity c > 0, in accordance
with the model in [16]. Residual surface electrons are trapped within
additional band gap states of the (impure) dielectric. The laser
photon energy =E 2.33 eVph is sufficient to release these electrons
directly. In contrast, using =E 1.17 eVph , the following sequence is
proposed to explain the experiment by stepwise surface electron
release: the electrons get first excited to the CB by laser, then,
transferred to a second intermediate state (rSP) within the surface
potential (SP) valley, and, finally, released (rfree) by incident ions,
photons, or thermal desorption. Further details are given in the text.
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knowledge about the underlying microscopic processes at the
interface between the discharge volume and the dielectric
surface.

Note that =-Q 0.7 nCe
tot corresponds to ´4.4 109

released surface electrons. With consideration of the laser
pulse energy =E 110 mJlsr at the photon energy =Eph

1.17 eV used in the experiment, the total number of photons
per laser pulse is about ´5.9 1017. Thus, the laser photo-
desorption efficiency defined as the ratio of released surface
electrons to laser photons results in about 10−8, which seems
to be very small. However, first of all, only the edge of the
laser beam hits the dielectric surface, and the photon density
is not constant across the axial laser beam profile but
decreases significantly towards the edges. Secondly, the laser
beam is only slightly divergent and, hence, nearly parallel to
the dielectric surface, wherefore most of the photons become
reflected there. Thirdly, due to the low photon energy, the
laser can finally release only those surface electrons having a
low binding energy.

6. Summary and outlook

The presented work studies the role of residual weakly-bound
surface electrons for the pre-ionization in homogeneous glow-
like helium BDs. A laser photodesorption experiment was
performed and, in addition, a 1D numerical fluid simulation
was set up to investigate the impact of released surface
electrons on the discharge development. Both experiment and
simulation revealed that releasing a small amount of surface
electrons from the cathodic dielectric during the discharge
pre-phase supports significantly the pre-ionization kinetics.
As a result, the breakdown voltage is noticeably reduced
which corresponds to an earlier discharge onset, the cathode-
directed ionization front is slowed down, and the overall
transported charge is less compared to the discharge without
laser interaction. This result highlights the importance of
weakly-bound surface electrons in acting as a seed electron
reservoir for diffuse BDs driven by low operating frequency,
as so far proposed in some simulations of the BD in helium
and helium–oxygen mixtures.

In more detail, the axial laser beam position, the laser
pulse time and energy, and the laser wavelength (photon
energy) were systematically varied. Actually, the experiment
verified that the surface electrons are weakly bound to the
glass-coated electrodes, wherefore they can be released by
laser at low photon energy of 2.33 eV. The comparison
between experiment and simulation indicates that the laser
photodesorption of surface electrons significantly supports the
ionization kinetics at low background electron density in the
gas volume. Only the released electrons from the cathodic
dielectric are able to pass through the gas gap and participate
in ionization processes. Both criteria are fulfilled during the
discharge pre-phase, but neither during the breakdown nor
during the post-phase.

Finally, the reduction of the laser photon energy from
2.33 to1.17 eV causes an additional current peak just after the
laser pulse, and the transition from the glow mode to the

Townsend mode of the BD due to an effective increase in the
secondary electron yield. The additional current peak caused
by the large amount of released surface electrons reveals a
remarkable delay to the short laser pulse. This can be
explained by stepwise electron release initiated by laser
excitation to a higher energy level within the dielectric. This
approach is supported by analytical calculations based on a
simple excitation sequence at the interface between the dis-
charge and the dielectric surface.

To summarize, the investigations demonstrate the pos-
sibility to manipulate BDs by the laser interaction with
charged dielectric-covered electrodes. Here, the binding
energy of surface electrons was found to lie between 1.17 and
2.23 eV for the used float glass plate. Thus, the release of
surface electrons by optical photons or thermal processes may
essentially contribute to the pre-ionization of homogeneous
BDs. The presented laser photodesorption effect is suitable to
measure the binding energy of electrons deposited onto a
dielectric surface, and to draw conclusions on effective SEE
processes. For this purpose, it is planned to use tunable
photon energies, and to investigate more well-defined di-
electric materials, such as mono-crystalline silica, alumina,
and magnesia. This intention should be combined with the
direct measurement of surface electrons, e.g., based on the
electro-optic Pockels effect of a Bi12SiO20 crystal. Indeed, the
effective SEE depends on the amount of surplus electrons
adsorbed to the dielectric surface.

Acknowledgments

The presented work was supported by the Deutsche For-
schungsgemeinschaft through the Project No. B11 of the
Collaborative Research Center Transregio 24 (TRR 24),
‘Fundamentals of Complex Plasmas’.

References

[1] Kogelschatz U 2003 Dielectric-barrier discharges: their history,
discharge physics, and industrial applications Plasma Chem.
Plasma Process. 23 1–46

[2] Wagner H-E, Brandenburg R, Kozlov K V, Sonnenfeld A,
Michel P and Behnke J F 2003 The barrier discharge: basic
properties and applications to surface treatment Vacuum 71
417–36

[3] Becker K H, Kogelschatz U, Schoenbach K H and Barker R J
2004 Non-Equilibrium Air Plasmas at Atmospheric Pressure
(Series in Plasma Physics) (Bristol: Institute of Physics
Publishing)

[4] Fridman G, Friedman G, Gutsol A, Shekhter A B,
Vasilets V N and Fridman A 2008 Applied plasma medicine
Plasma Process. Polym. 5 503–33

[5] Liu D X, Rong M Z, Wang X H, Iza F, Kong M G and
Bruggeman P 2010 Main species and physicochemical
processes in cold atmospheric-pressure He + O2 plasmas
Plasma Process. Polym. 7 846–65

[6] Massines F, Gherardi N, Naudé N and Ségur P 2009 Recent
advances in the understanding of homogeneous dielectric
barrier discharges Eur. Phys. J. Appl. Phys. 47 22805

13

Plasma Sources Sci. Technol. 26 (2017) 075006 R Tschiersch et al

https://doi.org/10.1023/A:1022470901385
https://doi.org/10.1023/A:1022470901385
https://doi.org/10.1023/A:1022470901385
https://doi.org/10.1016/S0042-207X(02)00765-0
https://doi.org/10.1016/S0042-207X(02)00765-0
https://doi.org/10.1016/S0042-207X(02)00765-0
https://doi.org/10.1016/S0042-207X(02)00765-0
https://doi.org/10.1002/ppap.200700154
https://doi.org/10.1002/ppap.200700154
https://doi.org/10.1002/ppap.200700154
https://doi.org/10.1002/ppap.201000049
https://doi.org/10.1002/ppap.201000049
https://doi.org/10.1002/ppap.201000049
https://doi.org/10.1051/epjap/2009064


[7] Okazaki S, Kogoma M, Uehara M and Kimura Y 1993
Appearance of stable glow discharge in air, argon, oxygen
and nitrogen at atmospheric pressure using a 50 Hz source
J. Phys. D: Appl. Phys. 26 889–92

[8] Gherardi N, Gouda G, Gat E, Ricard A and Massines F 2000
Transition from glow silent discharge to micro-discharges in
nitrogen gas Plasma Sources Sci. Technol. 9 340–6

[9] Nemschokmichal S and Meichsner J 2012 S+( )AN2
3

u
metastable density in nitrogen barrier discharges: I. LIF
diagnostics and absolute calibration by Rayleigh scattering
Plasma Sources Sci. Technol. 22 015005

[10] Bogaczyk M, Sretenović G B and Wagner H-E 2013 Influence
of the applied voltage shape on the barrier discharge
operation modes in helium Eur. Phys. J. D 67 212–22

[11] Tschiersch R, Bogaczyk M and Wagner H-E 2014 Systematic
investigation of the barrier discharge operation in helium,
nitrogen, and mixtures: discharge development, formation
and decay of surface charges J. Phys. D: Appl. Phys. 47
365204

[12] Brandenburg R, Maiorov V A, Golubovskii Y B, Wagner H-E,
Behnke J and Behnke J F 2005 Diffuse barrier discharges in
nitrogen with small admixtures of oxygen: discharge
mechanism and transition to the filamentary regime J. Phys.
D: Appl. Phys. 38 2187

[13] Dosoudilová L, Tschiersch R, Bogaczyk M, Navrátil Z and
Wagner H-E 2015 Investigation of helium barrier discharges
with small admixtures of oxygen J. Phys. D: Appl. Phys. 49
3144–50

[14] Naudé N, Belinger A, Dap S and Gherardi N 2015 Memory
effects in atmospheric pressure Townsend discharges in N2

and air Proc. 32nd Int. Conf. on Phenomena in Ionized
Gases (Iasi, 2015)

[15] Marbach J, Bronold F X and Fehske H 2012 Resonant charge
transfer at dielectric surfaces Eur. Phys. J. D 66 106–17

[16] Heinisch R L, Bronold F X and Fehske H 2012 Electron
surface layer at the interface of a plasma and a dielectric wall
Phys. Rev. B 85 075323

[17] Golubovskii Y B, Maiorow V A, Behnke J and Behnke J F
2002 Influence of interaction between charged particles and
dielectric surface over a homogeneous barrier discharge in
nitrogen J. Phys. D: Appl. Phys. 35 751–61

[18] Heinisch R L, Bronold F X and Fehske H 2011 Physisorption
of an electron in deep surface potentials of a dielectric
surface Phys. Rev. B 83 195407

[19] Li M, Li C, Zhan H and Xu J 2008 Effect of surface charge
trapping on dielectric barrier discharge Appl. Phys. Lett. 92
031503

[20] Ambrico P F, Ambrico M, Colaianni A, Schiavulli L,
Dilecce G and De Benedictis S 2010 Thermoluminescence
study of the trapped charge at alumina surface electrode in
different dielectric barrier discharges regimes J. Phys. D:
Appl. Phys. 43 325201

[21] Suzuki S and Itoh H 2015 Gradual increase in secondary
ionization coefficient γ and charge accumulation on a

dielectric electrode during DBD with repeated breakdown
Plasma Sources Sci. Technol. 24 055016

[22] Nemschokmichal S, Tschiersch R and Meichsner J 2016 The
influence of negative ions in helium–oxygen barrier
discharges: II. 1D fluid simulation and adaption to the
experiment Plasma Sources Sci. Technol. 25 055024

[23] Guaitella O, Marinov I and Rousseau A 2011 Role of charge
photodesorption in self-synchronized breakdown of surface
streamers in air at atmospheric pressure Appl. Phys. Lett. 98
071502

[24] Ambrico P F, Ambrico M, Simek M, Colaianni A and
De Benedictis S 2009 Laser triggered single streamer in a
pin-to-pin coplanar dielectric barrier discharge J. Phys. D:
Appl. Phys. 43 325201

[25] Liu S and Neiger M 2003 Electrical modelling of
homogeneous dielectric barrier discharges under an arbitrary
excitation voltage J. Phys. D: Appl. Phys. 36 3144–50

[26] Nemschokmichal S and Meichsner J 2015 Spatio-temporal
characterization of S+( )AN2

3
u metastables in diffuse nitrogen

barrier discharge J. Phys. D: Appl. Phys. 48 405203
[27] Lisbon database, www://lxcat.net (Accessed: April 2016)
[28] Martens T and Bogaerts A 2008 The dominant role of

impurities in the composition of high pressure noble gas
plasmas Appl. Phys. Lett. 92 041504

[29] Hagelaar G J M and Pitchford L C 2005 Solving the boltzmann
equation to obtain electron transport coefficients and rate
coefficients for fluid models Plasma Sources Sci. Technol.
14 722

[30] Hagelaar G J M BOLSIG+ 6/2013, http://bolsig.laplace.
univ-tlse.fr

[31] Liu D X, Bruggeman P, Iza F, Rong M Z and Kong M G 2010
Global model of low-temperature atmospheric-pressure He
+ H2O plasmas Plasma Sources Sci. Technol. 19 025018

[32] Golubovskii Y B, Maiorov V A, Behnke J and Behnke J F
2003 Modelling of the homogeneous barrier discharge in
helium at atmospheric pressure J. Phys. D: Appl. Phys. 36
39–49

[33] Tschiersch R, Nemschokmichal S, Bogaczyk M and
Meichsner J 2017 Surface charge measurements on different
dielectrics in diffuse and filamentary barrier discharges
J. Phys. D: Appl. Phys. 50 105207

[34] Hagelaar G J M, de Hoog F J and Kroesen G M W 2000
Boundary conditions in fluid models of gas discharges Phys.
Rev. E 62 1452–4

[35] Takahashi E, Kato S, Sasaki A, Kishimoto Y and Furutani H
2011 Controlling branching in streamer discharge by laser
background ionization J. Phys. D: Appl. Phys. 44 075204

[36] Nijdam S, Takahashi E, Teunissen J and Ebert U 2014
Streamer discharges can move perpendicularly to the electric
field New J. Phys. 16 103038

[37] Tschiersch R, Nemschokmichal S and Meichsner J 2016 The
influence of negative ions in helium–oxygen barrier
discharges: I. Laser photodetachment experiment Plasma
Sources Sci. Technol. 25 025004

14

Plasma Sources Sci. Technol. 26 (2017) 075006 R Tschiersch et al

https://doi.org/10.1088/0022-3727/26/5/025
https://doi.org/10.1088/0022-3727/26/5/025
https://doi.org/10.1088/0022-3727/26/5/025
https://doi.org/10.1088/0963-0252/9/3/312
https://doi.org/10.1088/0963-0252/9/3/312
https://doi.org/10.1088/0963-0252/9/3/312
https://doi.org/10.1088/0963-0252/22/1/015005
https://doi.org/10.1140/epjd/e2013-40279-x
https://doi.org/10.1140/epjd/e2013-40279-x
https://doi.org/10.1140/epjd/e2013-40279-x
https://doi.org/10.1088/0022-3727/47/36/365204
https://doi.org/10.1088/0022-3727/47/36/365204
https://doi.org/10.1088/0022-3727/38/13/017
https://doi.org/10.1088/0022-3727/48/35/355204
https://doi.org/10.1088/0022-3727/48/35/355204
https://doi.org/10.1088/0022-3727/48/35/355204
https://doi.org/10.1088/0022-3727/48/35/355204
https://doi.org/10.1140/epjd/e2012-30014-8
https://doi.org/10.1140/epjd/e2012-30014-8
https://doi.org/10.1140/epjd/e2012-30014-8
https://doi.org/10.1103/PhysRevB.85.075323
https://doi.org/10.1088/0022-3727/35/8/306
https://doi.org/10.1088/0022-3727/35/8/306
https://doi.org/10.1088/0022-3727/35/8/306
https://doi.org/10.1103/PhysRevB.83.195407
https://doi.org/10.1063/1.2838340
https://doi.org/10.1063/1.2838340
https://doi.org/10.1088/0022-3727/43/32/325201
https://doi.org/10.1088/0963-0252/24/5/055016
https://doi.org/10.1088/0963-0252/25/5/055024
https://doi.org/10.1063/1.3552965
https://doi.org/10.1063/1.3552965
https://doi.org/10.1088/0022-3727/43/32/325201
https://doi.org/10.1088/0022-3727/36/24/009
https://doi.org/10.1088/0022-3727/36/24/009
https://doi.org/10.1088/0022-3727/36/24/009
https://doi.org/10.1088/0022-3727/48/40/405203
http://www://lxcat.net
https://doi.org/10.1063/1.2839613
https://doi.org/10.1088/0963-0252/14/4/011
http://www.bolsig.laplace.univ-tlse.fr
http://www.bolsig.laplace.univ-tlse.fr
https://doi.org/10.1088/0963-0252/19/2/025018
https://doi.org/10.1088/0022-3727/36/1/306
https://doi.org/10.1088/0022-3727/36/1/306
https://doi.org/10.1088/0022-3727/36/1/306
https://doi.org/10.1088/0022-3727/36/1/306
https://doi.org/10.1088/1361-6463/aa5605
https://doi.org/10.1103/PhysRevE.62.1452
https://doi.org/10.1103/PhysRevE.62.1452
https://doi.org/10.1103/PhysRevE.62.1452
https://doi.org/10.1088/0022-3727/44/7/075204
https://doi.org/10.1088/1367-2630/16/10/103038

	1. Introduction
	2. Experimental setup and methodology
	2.1. Discharge configuration and gas supply
	2.2. Electrical measurements
	2.3. Optical emission spectroscopy
	2.4. Laser photodesorption

	3. Numerical fluid simulation
	3.1. Simulation of the discharge
	3.2. Adaption to the experiment
	3.3. Simulation of laser photodesorption

	4. Laser photodesorption of surface electrons
	4.1. Effect on electrical discharge characteristics
	4.2. Influence on reaction kinetics in the volume
	4.3. Parameter variations

	5. Laser-induced discharge mode transition
	5.1. Influence of laser photon energy
	5.2. Stepwise release of surface electrons

	6. Summary and outlook
	Acknowledgments
	References



