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1 Introduction

The history of dielectric barrier discharges (DBDs), often referred to as barrier discharges

(BDs) or “silent discharges”, started in the middle of the 19th century. In 1857, Siemens

reported on an ozone generator that used atmospheric-pressure air flowing through a dis-

charge gap between two cylindrical glass tubes connected to an alternating high-voltage [1].

Thenceforth, the focus had been on ozonizer technologies for more than one century using

barrier discharges especially for the disinfection of drinking water [2, 3]. During the last

three decades, BDs have occupied a key position in a vast field of applications including

surface treatment, gas-stream depollution, lighting, and plasma display panels [4–14]. The

immense potential of BD’s for bio-medical use, e.g. as a supporting tool for sterilization

and wound healing, has recently received significantly increasing attention [15–21].

The most characteristic feature of barrier discharges is the presence of at least one

dielectric in between the electrodes. Actually, a variety of discharge configurations has

been established based on plane-parallel, pin-to-pin, pin-to-plate, cylindrical, or coplanar

arrangements. Here, the electrodes are either symmetrically or asymmetrically equipped

with dielectrics depending on the specific application requirements [10, 22, 23]. However,

the basic principle is always the same: during the discharge breakdown, surface charges

are accumulated on the dielectrics, which limits the current and reduces the electric field

across the gas gap until the discharge expires. As a result, the formation of arc discharges

is prevented. An AC power supply is needed for the continuous (periodical) operation of

this transient discharge, which can be subdivided into a pre-phase, a breakdown, and a

post-phase. The outstanding advantage of BDs is thus that they provide the possibility to

generate non-equilibrium plasmas at atmospheric pressure. Usually, the gas temperature

Tg ≈ 300 K remains close to room temperature, the ion temperature can reach values up

to Ti < 103 K, whereas the mean electron temperature Te ∼ 104 − 105 K, or equivalent

energy 1−10 eV, is comparatively high [8,11,24]. That is why BDs act as effective sources

of reactive species such as radicals, atoms or molecules in metastable states, and photons

in the VIS and UV range. In summary, the high chemical reactivity at otherwise low

gas temperature and comparatively low power consumptions, the possibility to operate

without expensive vacuum equipment, as well as the scalability from small laboratory

standards to industrial facilities make the barrier discharge nowadays to one of the most

lucrative discharge types for technological applications at elevated pressures.

In order to ensure the basic purpose of the dielectric as a barrier and to benefit from the

advantages named above, a finite range of operating conditions is typically used [8–11].

In this context, materials with large dielectric constant are preferred, e.g., quartz, alu-

mina, and ceramics. The operating frequency usually ranges between 50 Hz and 100 kHz

to guarantee that the charge carriers, both electrons and ions, reach the dielectrics and

1



1 Introduction

accumulate as surface charges. The discharge gap width can vary between 10 µm and

10 mm, which is limited by the high breakdown voltage required at atmospheric pressure

according to Paschen’s law. Finally, various atomic and molecular gases are typically used

such as nitrogen, oxygen, and (synthetic) air, as well as helium, neon, argon, and their

mixtures. In particular, the specific gas system determines the occurrence of different

discharge phenomena, which have been extensively studied and distinguished regarding

the breakdown mechanism and the lateral discharge structure. The common classification

comprises filamentary, laterally patterned, and diffuse discharges. During the last decades,

a considerable number of books and overview articles were published, which report on the

physics and chemistry of barrier discharges [22,24–35].

The common discharge mode is characterized by arbitrarily distributed microdischarges

(MDs) appearing as thin filaments with a diameter in the order of 100 µm and a break-

down duration on the nanosecond time scale. MDs are typically operated in air or oxygen-

containing gas mixtures as well as in argon. In each case, MDs are favored by steep voltage

slopes allowing the discharge ignition at over-voltage. Due to the small discharge dimen-

sions, the short time scale, and the inhomogeneous as well as non-stationary behavior, the

investigation of MDs has been of fundamental interest and is still a challenge to plasma

diagnostics. In particular, the fast discharge development in the volume became acces-

sible by sophisticated optical methods such as the cross-correlation spectroscopy (CCS)

based on single-photon counting, and the streak/ICCD camera imaging, both providing

high sensitivity and sub-nanosecond resolution [36–48]. As a result, three characteristic

phases were identified: (i) Townsend pre-phase of microsecond duration, (ii) cathode-

directed streamer on the nanosecond time scale once a critical electric field distortion1

is induced by significant positive space charge in front of the anode, and (iii) radially

propagating surface discharges during the post-phase which can result in “Lichtenberg

figures”2. Moreover, great effort has been spent on the development of multidimensional

simulations [51–57], revealing the contribution of the photo-ionization and the photo effect

to the fast streamer propagation, as well as the importance of the inhomogeneous surface

charge distribution for the local re-ignition behavior.

In contrast to the long history of microdischarges, the controlled operation of later-

ally diffuse barrier discharges was first reported at the end of the 20th century [58–61].

Nowadays, the classification of diffuse BDs according to the breakdown mechanism into

the atmospheric-pressure glow discharge (APGD) and the atmospheric-pressure Townsend

discharge (APTD) is established [31]. As implied by their names, these discharge modes

have basic similarities with the well-known DC glow discharge and the Townsend discharge,

respectively, both operated at low pressure. The APGD preferably evolves in helium. This

mode is mainly characterized by the cathode fall region and the negative glow [61–69]. A

1According to the Raether-Meek criterion [49], streamer breakdown is initiated when a critical ionization

factor g × αeff ≈ 18 − 20 is reached, where g is the discharge gap width, and αeff = α − η denotes the

effective volume-ionization coefficient considering the production of electrons by direct ionization (α)

as well as the loss of electrons by attachment (η) in the presence of electronegative gases.
2The branched footprints of discharge filaments on the electrode surface was originally observed by

Lichtenberg in 1777 using dust figures, the so-called “Lichtenberg figures” [22,50].
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1 Introduction

positive column is not essential but arises for large discharge gap widths of 2−5 mm. The

effective ionization required for discharge breakdown in helium is only reached at high

electric field strengths. As a result, the APGD is associated with space charge formation

initiating a cathode-directed ionizing front, but the increase in effective ionization rate is

not fast enough to cause strong lateral distortion of the electric field. Another crucial crite-

rion for the homogenization of the APGD is assigned to a high pre-ionization requiring the

presence of long-living species, which is referred to as the “memory effect”. However, the

discharge in pure nitrogen is a typical example for the APTD [70–73]. Metastable nitro-

gen molecules survive between two consecutive discharge breakdowns and favor a gradual

charge carrier production driven by secondary electron emission (SEE) at comparatively

low electric field [74–76]. Thus, the discharge current density is low, no significant space

charge builds up, and the characteristic “Townsend plateau”3 in gap voltage is maintained

as long as the feeding voltage is rising. Both the APGD and the APTD can be operated

in helium as well as in nitrogen, depending on the pressure, the discharge gap width, and

the shape and frequency of the feeding voltage [64,77,78].

Despite significantly different breakdown mechanisms and characteristics, it is interest-

ing to note that microdischarges and diffuse barrier discharges can occur within a close

range of operating conditions [41, 79–83]. The associated transition regimes show fur-

ther new discharge phenomena such as multiple stationary breakdowns per half-cycle of

the diffuse discharge and self-organized discharge filaments. The multiple current pulse

regime of the diffuse discharge is usually observed in binary gas mixtures including helium,

nitrogen and oxygen. This mode marks the transition to the inhomogeneous as well as

non-stationary MD regime [84–89]. It is assumed that the pre-ionization of the subsequent

breakdown is enhanced by residual charge carriers from the previous breakdown (volume

memory effect). Moreover, current measurements using segmented electrodes revealed

that the consecutive breakdowns occur in different radial-symmetric regions [90]. Self-

organized discharge filaments can arrange in various stable pattern, in particular hexago-

nal structures. This discharge mode typically evolves in helium with nitrogen admixtures

at moderate pressure for gap widths smaller than 1 mm at otherwise large lateral electrode

extent [22, 91–96]. Here, the long-term conservation of the lateral discharge structure is

chiefly attributed to the inhomogeneous electric field distribution caused by surface charge

spots at the footprints of each discharge filament (surface memory effect).

Nonetheless, there are still a lot of fundamental issues that are controversially discussed

and have not yet been satisfactorily clarified. Since the barrier discharge is inherently de-

termined by the interaction between the plasma species and the charged dielectric surfaces,

both diagnostics of volume and surface processes under identical discharge conditions are

needed for a comprehensive description. The experimental evidence of surface charges,

their spatio-temporal behavior, and their role for BD mechanisms have foremost been

examined by a well-established diagnostic technique, which is based on the linear electro-

optic Pockels effect of a bismuth silicon oxide (Bi12SiO20, short: BSO) crystal [97–108].

3The Townsend-like discharge generates just as many charge carriers that the increase in feeding voltage

is compensated, wherefore the gap voltage keeps constant during the discharge breakdown.
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1 Introduction

By means of this powerful method, some significant insights have been achieved, as (i) the

quantitative agreement between the overall transported charge and the deposited surface

charge, (ii) the characterization of inhomogeneous surface charge distributions caused by

the filamentary BD, (iii) the qualitative evidence of the surface memory effect, and (iv)

the lifetime of surface charges beyond a typical discharge cycle. However, the correlation

between the spatio-temporal discharge development in the volume and the corresponding

surface charge dynamics is still missing for the filamentary BD. On the one hand, optical

diagnostics require the operation of a single discharge filament fixed by semi-spherical elec-

trodes to allow the accumulation over many cycles. On the other hand, this is in conflict

with the restriction to plane electrodes using the BSO crystal for surface charge measure-

ments. As a second example, the multiple current pulse regime of the diffuse discharge has

been extensively studied by both experiments and simulations, but the radial discharge

inhomogeneities have so far only been subjected once [90], and the underlying surface

charge distribution and dynamics are still not known. Moreover, no quantitative analy-

sis exists that aims to clarify the contribution of the measured (inhomogeneous) surface

charge morphology to the electric field across the gas gap, and thus there is no quantita-

tive proof of the surface memory effect. The latter determines the discharge re-ignition

behavior and the transition between stable patterned discharges, rotating systems, and

arbitrarily distributed microdischarges.

Besides these macroscopic phenomena, the understanding of the complex interaction

between the discharge species and the dielectric surface from a microscopic point of view

remains the fundamental issue of this field of research nowadays. For instance, SEE coeffi-

cients were measured and calculated for ions, photons, or metastable states in interaction

with bare metals and dielectrics [75,109–111]. However, in the realistic scenario, the solid

surface is exposed to the discharge and thereby somehow damaged, contaminated, and

charged. Indeed, the charging of the dielectric with surplus electrons should enhance

the effective SEE yield [31, 112–115], which is not considered in most of the simulations.

As well, the roughness and (impure) composition of the dielectric surface determines the

binding energy of surface electrons and, again, the SEE yield. In contrast to intrinsic

electrons in the valence band of a dielectric, the binding energy of surface electrons was

found to lie in the order of 1 eV for quartz, alumina, and PTFE4 based on thermally-

and optically-stimulated luminescence measurements [116–118]. The lower the material-

dependent binding energy of surface electrons, the higher is the effective SEE yield and

thus the higher is the threshold pressure that just allows the operation of the diffuse

barrier discharge in air [116]. For electrode configurations with different dielectrics, the

discrepancy in SEE coefficients causes asymmetry effects on the discharge comparing both

half-cycles of the feeding voltage [119]. Hence, it is important to investigate surface charges

on different dielectrics as well as the material-dependent binding energy of surface elec-

trons in correlation with their impact on the discharge development by SEE.

Moreover, there is a persistent debate about the source of seed electrons that is required

for the pre-ionization of the diffuse glow-like barrier discharge in helium. Note that the

4The abbreviation PTFE means polytetrafluoroethylene, also known as “teflon”.
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1 Introduction

glow-like BD is also observed in air and other gas systems, despite the presence of oxygen

as an effective quencher of metastable species. Even in nominally pure helium and at

typically low operating frequencies in the order of 1 kHz, metastable helium states do not

survive during the discharge off-time in between the two half-cycles of the feeding voltage.

Hence, another source of seed electrons must provide the required pre-ionization. It is as-

sumed that the thermal desorption of weakly-bound surface electrons might be important,

especially when the operating frequency is low [112, 120]. So far, the phenomenological

influence of released surface electrons was studied by laser-photodesorption experiments

with the focus on the triggering and guiding of streamers [121,122]. But, a systematic and

quantitative analysis of the impact of released surface electrons on the pre-ionization and

development of the diffuse discharge in helium is still missing.

Furthermore, in the presence of electronegative oxygen, electron attachment processes

as a formation channel of negative ions might be relevant for the discharge development

and associated mode transitions. But, up to now, the role of negative ions for atmospheric-

pressure BDs has been poorly investigated. From experimental point of view, the high

pressure as well as the small discharge gap width are a challenge to conventionally used

diagnostics such as laser photodetachment in combination with the detection of detached

electrons by Langmuir probes or microwave interferometry, as successfully applied to low-

pressure radio-frequency (RF) discharges [123–131]. These investigations revealed the

crucial influence of the negative ion formation on the electron energy distribution function

(EEDF) and thus on the effective ionization kinetics. This can result in discharge mode

transitions and attachment-induced instabilities. In comparison with low-pressure RF dis-

charges, completely new aspects arise for barrier discharges at elevated pressure: (i) the

electronegativity, defined as the negative ion to electron density ratio, might strongly vary

during the discharge pre-phase, breakdown, and post-phase due to significant changes in

the local electric field and thus in the EEDF, and (ii) additional negative ion produc-

tion channels have to be considered, e.g., three-body collisions due to the high pressure

and pseudo-SEE by oxygen atoms or molecules in interaction with the negatively charged

dielectric surfaces. Though simulations of barrier discharges in electronegative systems

usually consider negative ions in the overall particle balance [132–136], nonetheless, their

impact on the discharge has never been emphasized in detail.

To address all these remaining issues concerning the fundamental physics of atmospheric-

pressure barrier discharges, the research project B115 was established within the frame-

work of the Collaborative Research Center Transregio 24: “Fundamentals of Complex

Plasmas”. The presented thesis reports on the role of surface charges and negative ions

for barrier discharges operated in binary gas mixtures including helium and nitrogen or

oxygen. In particular, the investigations intend to gain detailed knowledge about volume

and surface memory effects and their influence on the pre-ionization, the breakdown mech-

anisms, and the re-ignition behavior of diffuse and filamentary discharges. The achieved

results can be subdivided into three major topics:

5The research project B11 of the Collaborative Research Center Transregio 24 (TRR24) is focused on the

“Discharge development at atmospheric pressure: relevant surface- and volume processes”.
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1 Introduction

(i) The operation modes of the barrier discharge in He/N2 and He/O2 mixtures were

studied in the plane-parallel electrode configuration. The existence regimes of diffuse and

filamentary BDs were obtained by systematic variation of the gas mixture, total pressure,

and feeding voltage. Especially, the mode transition regimes between the common diffuse

and filamentary discharges are characteristic for these binary gas mixtures. On the one

hand, the focus is on the multiple current pulse regime of diffuse discharges. Here, the

breakdown mechanisms evaluated by spatio-temporally resolved OES correlate with the

surface charge dynamics measured via the electro-optic Pockels effect of a BSO crystal.

For the first time, radial discharge inhomogeneities were found in the surface charge dis-

tribution, and their influence on the discharge re-ignition behavior is pointed out. On the

other hand, the self-stabilization mechanisms were identified for single discharge filaments

in the plane-parallel electrode configuration. For the first time, it allows the correlation of

ICCD camera imaging of the discharge development in the volume with the surface charge

dynamics on the dielectrics in case of the filamentary discharge. (Articles I−IV)

(ii) The role of surface charges is emphasized from the electrostatic point of view and

as a seed electron reservoir. For the first time, the contribution of the measured surface

charge morphology to the filamentary discharge breakdown is quantified by introducing a

spatio-temporally resolved gap voltage. The results underline the outstanding importance

of the surface memory effect for the conservation of the lateral discharge structure, and

explain the transition from arbitrarily distributed microdischarges to patterned discharge

filaments. Moreover, a laser-photodesorption experiment was carried out in combination

with a one-dimensional fluid simulation to study the impact of released surface electrons on

the pre-ionization kinetics and operation modes of the diffuse barrier discharge in helium.

Finally, the surface charge diagnostics was extended to different transparent dielectrics

covering the electro-optic BSO crystal. The influence of borosilicate glass, alumina, and

magnesia is demonstrated for the diffuse discharge. Effective SEE coefficients are esti-

mated using Townsend’s criterion for the breakdown voltage and analytical calculations

of the effective ionization coefficient in helium with air impurities. (Articles V−VI)

(iii) The role of electron-attachment processes resulting in negative ion formation was

investigated for the diffuse barrier discharge in helium with small admixtures of oxygen.

An opto-galvanic experiment using laser-photodetachment diagnostics allows conclusions

about the influence of negative ions on the discharge development and, indirectly, about

the electronegativity during the pre-phase, breakdown, and post-phase. The relative abun-

dance of the negative ion species O−, O−2 , and O−3 is analyzed by using different laser wave-

lengths, and by the comparison between the saturation behavior of the measured laser-

photodetachment effect and the calculated species-dependent photodetachment yields. In

addition, a one-dimensional fluid simulation adapted to the experiment allows insights into

the negative ion kinetics and their relevance for the discharge development. The influence

of additional production channels for negative ions is highlighted, and their capability to

reproduce the experiment is discussed. (Articles VII−IX)
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2 Experimental Setup and Diagnostics

2.1 Discharge configurations

Three discharge configurations depicted from side-view in figure 2.1 were developed in

order to ensure the specific requirements of the diagnostics used. In each case, the basis is

a parallel arrangement of two plane concentric electrodes, wherein the upper one is driven

by high-voltage and the bottom one is grounded. In between, the discharge gap is shielded

from both electrodes by (different) dielectrics.

15 mm
Al

PEEK

HV

glass + ITO

BSO crystal

25 mm

gas inletdischarge gap

observation

1 mm

(a)

15 mm
Al

PEEK

HV

glass + ITO

BSO crystal
variable dielectric

25 mm

gas inletdischarge gap

observation

3 mm

(b)

15 mm
Al

PEEK

HV

glass

25 mm

gas inletdischarge gap
glass

(c)

3 mm

Fig. 2.1: Sketch of the discharge configurations used for (a) surface charge measurements on

the BSO crystal and (b) on a variable dielectric, respectively, and (c) for laser diagnostics.

The discharge configuration in (a) has already been established in previous studies

[78, 106]. It allows the measurement of surface charges via the electro-optic Pockels ef-

fect of a bismuth silicon oxide (BSO) crystal. Note that the surface charge diagnostics is

based on the change in polarization of elliptically polarized light passing the birefringent

BSO crystal (see section 2.3 for detailed information). Therefore, an observation window

from above was realized by a ring electrode made of copper, which is connected to the

electrically conductive as well as optically transparent indium tin oxide (ITO) layer on

top of a float glass plate. The bottom electrode is an aluminum mirror, which enables the

reflection of the incident light after passing the BSO crystal. The discharge gap width was

set to 1 mm by insulating gap spacers made of polyether ether ketone (PEEK).

The innovative feature of the discharge configuration in (b) is the variable transparent

dielectric on top of the BSO crystal allowing the extension of the surface charge diagnos-

tics to common materials such as borosilicate glass, alumina, and magnesia. The chemical

7



2 Experimental Setup and Diagnostics

composition, the geometrical dimensions, and the permittivity of the used dielectrics are

summarized in table 2.1. Moreover, the enlarged observation window from above in com-

parison to the configuration in (a) enables the investigation of inhomogeneities in the

surface charge distribution beyond the bottom electrode area. Furthermore, the discharge

gap width was increased to 3 mm resulting in larger amounts of transported and deposited

charge, and thus in better relative resolution of the surface charge diagnostics.

In contrast, the discharge configuration in (c) is symmetrically equipped with two float

glass plates. It is used for laser-photodetachment and laser-photodesorption experiments.

Here, the BSO crystal was removed because of its undesirable photoconductivity that will

even disturb the discharge characteristics, if it is induced by intense laser radiation.

The discharge configuration is placed inside a vacuum chamber made of stainless steel.

It was evacuated to a base pressure below 10−5 mbar before the processing gas was di-

rectly supplied to the discharge volume. Well-defined mixtures of helium with nitrogen or

oxygen (respective purity > 99.999 %) were realized by individual adjustment of the gas

flow rates using three mass flow controllers. The overall flow rate was set to 100 sccm or

300 sccm. The operating pressure was varied between 100 mbar and 1 bar, and was then

kept constant in the flowing regime by a diaphragm pressure gauge (MKS) in combination

with a butterfly valve (MKS) and a process pump (TRIVAC D25BCSPFPE).

polarization filter

LED

CCD camera

colored filter

beam
splitter

/8 wave plateλ

Rext

photomultiplier
monochromator

HV

horizontal and
vertical slit

lens

ICCD camera

lens
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1:1000

10
00
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Surface charge
diagnostics Optical emission

spectroscopy

Electrical
measurements

Laser photodetachment,
Laser photodesorption
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imaging

lens

energy
meter

beam
dump

Cext

Fig. 2.2: Setup of the applied diagnostic methods.

The diagnostic setup is illustrated in figure 2.2. It allows the combined application of

volume and surface diagnostics, which are described in the following subsections.
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2.2 Electrical measurements

2.2 Electrical measurements

The sine-wave or square-wave feeding voltage Uext(t) at the frequency of 2 kHz is provided

by a function generator (SRS DS345) in combination with an amplifier (Trek 615-10,

1:1000), controlled via a HV probe (Tektronix P6015A, 1000:1), and connected to the

upper electrode. Moreover, the total transported charge Qext(t) is measured using an ex-

ternal capacitor at the grounded electrode. Instead, it is also possible to measure the total

discharge current using an external resistor or a Rogowski coil. The data acquisition and

averaging is performed by digital oscilloscopes (ROHDE&SCHWARZ RTO1024, LeCroy

9304AM). Based on the electrical equivalent circuit diagram in figure 2.3, the internal

electrical quantities are calculated for a laterally diffuse discharge, e.g., the gap voltage

Ugap(t) =

(
1 +

Cpar

Cdie

)
Uext(t)−

1

Cdie
Qext(t), (2.1)

the discharge current without any displacement current

Idis(t) =

(
1 +

Cgap

Cdie

)(
dQext(t)

dt
− Ctot

dUext(t)

dt

)
, (2.2)

and the temporally integrated discharge current

Qdis(t) ≡ Qsur(t) =

(
1 +

Cgap

Cdie

)
(Qext(t)− CtotUext(t)), (2.3)

which corresponds to the surface charge dynamics on the bottom dielectric [106]. Here,

Cdie and Cgap denote the capacitances of the dielectrics and the discharge gap, respectively,

calculated by the cell geometry and the dielectric properties in table 2.1. Moreover, Ctot is

the total (effective) discharge-cell capacitance derived from the flat slope of the Qext(Uext)

plot (Lissajous figure), and the parallel capacitance Cpar = Ctot − CgapCdie/(Cgap + Cdie)

considers the surroundings beyond the lateral discharge extent.

Cdie

Cgap

Cpar

Rgap(t)Ugap(t)

Udie(t)

Uext(t)

discharge regionsurroundings

Fig. 2.3: Reduced electrical equivalent

circuit representing the plane-parallel

discharge configurations used.

Tab. 2.1: Chemical composition, thickness d,

and permittivity εr of the dielectric materials

installed in the discharge configurations.

Material Composition d [mm] εr

float glass unspecified 0.70(5) 7.6

borosilicate ∼ 80 % SiO2 0.21(1) 6.7

alumina Al2O3 0.20(1) 10.6

magnesia MgO 0.20(1) 9.7

BSO crystal Bi12SiO20 0.70(5) 56

In order to describe lateral inhomogeneities of the discharge, e.g. in case of the multiple

current pulse regime, the effective capacitance Cdie has to consider more than one discharge

area with different dielectrics connected in series. The corresponding calculations as well

as the derivation of equations (2.1)−(2.3) are presented in Appendix A.1.
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2 Experimental Setup and Diagnostics

2.3 Surface charge diagnostics

The measurement of surface charges is based on the linear electro-optic Pockels effect of

the BSO crystal. An electric field across the BSO crystal induces a proportional change in

its refractive index, which can be determined from the change in polarization of light. The

optical setup is shown in figure 2.2. First, the LED light (λLED = 634 nm) is homogenized

by passing a Köhler illumination system. Afterwards, it is diverted into the direction of

the discharge cell by a linearly polarizing beam splitter. Following this path, the LED

light becomes elliptically polarized by a λ/8 wave plate, expanded by a telescopic system,

and finally passes the discharge cell twice due to reflection at the grounded aluminum

mirror. On its way back, the LED light passes a color filter that blocks the radiation from

the discharge, and a second polarization filter allowing the CCD camera (Phantom Miro

4ex) to measure the light intensity. During the discharge operation, the total voltage drop

UBSO across the BSO crystal is the sum of the partial feeding voltage drop U ext
BSO and the

(partial) voltage drop UσBSO caused by deposited surface charges. Note that the surface

charges cause an additional voltage drop UσX when another dielectric X is placed on top

of the BSO crystal, as depicted in figure 2.4.

UX
UBSO

Uext

LED light

BSO crystal
variable dielectric

surface charges

glass + ITO layer

Fig. 2.4: The birefringence of the electro-optic

BSO crystal is induced by both the external elec-

tric field and the electric field caused by surface

charges deposited on the variable dielectric.
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measurement
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Fig. 2.5: Calibration measurement.

The total voltage drop UBSO induces the birefringence of the BSO crystal and thus an

additional change in polarization of the LED light according to the phase difference

∆Φ(UBSO) = kUBSO = k(UσBSO + U ext
BSO). (2.4)

As plotted in figure 2.5, the proportionality factor k is determined from a calibration

measurement of the reference intensity Iref = I0(1 + 2kU ext
BSO) in dependence of the partial

feeding voltage drop U ext
BSO before the first discharge ignition, and thus without the impact

of surface charges. Once k is known, the reference intensity is interpolated or extrapolated

for any voltage drop U ext
BSO during the discharge operation. The BSO crystal is considered

as an ideal plate capacitor with specific capacitance cBSO = ε0εBSO/dBSO that determines

the voltage drop UσBSO = σsur/cBSO. Finally, the spatio-temporally resolved surface charge

density is calculated by

σsur(x, y, t) =
ε0εBSO

dBSO

(
Imeas(x, y, t)

Iref(x, y, t)
− 1

)(
U ext

BSO(t) +
1

2k

)
. (2.5)
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2.4 Non-invasive optical diagnostics

Here, ε0, εBSO, and dBSO are the electric field constant, and the permittivity and thickness

of the BSO crystal, respectively. In equation (2.5), Imeas(x, y, t) is the measured intensity

during the discharge operation. Hence, it depends on the distribution and dynamics of

the deposited surface charges. Further details regarding the electro-optic Pockels effect

and associated calculations can be found in Appendix A.2.

Moreover, the spatio-temporally resolved measurement of the surface charge density

allows the calculation of the spatio-temporally resolved gap voltage. The applied voltage

Uext(t) is assumed to be constant along the bottom electrode area. Here, the capacitance

Cpar of the surroundings, which was introduced in the global electrical model, vanishes

due to the spatial resolution. Thereby, the calculation of the total surface charge amount

based on electrical quantities is given by

σsur(x, y, t)A
px ≡ Qsur(x, y, t) =

(
1 +

Cpx
gap

Cpx
die

)
Qext(x, y, t)− Cpx

gapUext(t). (2.6)

The capacitances of the dielectrics Cpx
die and the gas gap Cpx

gap refer to the observation

area Apx = 4× 10−5 cm2 detected per pixel of the CCD camera chip. Finally, rearranging

equation (2.6) and inserting Qext(x, y, t) into equation (2.1), again with consideration of

Cpar ≡ 0, yields the spatio-temporally resolved gap voltage

Ugap(x, y, t) =
Cpx

die

Cpx
die + Cpx

gap
Uext(t)−

Apx

Cpx
die + Cpx

gap
σsur(x, y, t). (2.7)

2.4 Non-invasive optical diagnostics

The optical emission from the discharge is depicted from side-view by a vertically moveable

lens onto the entrance slit of a monochromator (Acton Research Corporation, SpectraPro-

500 and SpectraPro-750i, focal length of 500 mm and 750 mm, respectively), and detected

by a photomultiplier tube (Hamamatsu R928). The spectral resolution down to 0.1 nm is

set by using a 1800−1 mm diffraction grating, and by adjusting the widths of the vertical

slits at the entrance and the exit of the monochromator. A horizontal slit with a width

of 0.1 mm is placed in front of the monochromator and the lens was moved in steps of

0.05 mm, which allows the axial scan of the discharge gap. The photomultiplier signal is

recorded by digital oscilloscopes (ROHDE&SCHWARZ RTO1024, LeCroy 9304AM) and

triggered by the feeding voltage or the transported charge. Thereby, the effective temporal

resolution down to 10 ns is limited by the discharge jitter.

In addition, the discharge volume is depicted from side-view by a gated intensified

charge-coupled device (ICCD) camera (Princeton Instruments PI-MAX). The camera chip

(512 x 512 pixel and 0.12 mm/pixel spatial resolution) in combination with the 1:-3 imaging

via an external lens provides an effective spatial resolution of about 0.04 mm in axial as

well as lateral direction. The ICCD camera was triggered by the discharge event using the

measured signal of the transported charge. In particular, the temporal resolution down to

1 ns allows the fast imaging of the two-dimensional development in case of the filamentary

barrier discharge. Here, no wavelength filter was used and thus the wavelength-integrated

optical emission was recorded.
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2 Experimental Setup and Diagnostics

2.5 Invasive laser-based diagnostics

The experiments concerning the laser photodesorption of electrons from the dielectric sur-

face as well as the laser photodetachment of negative ions inside the discharge volume

were performed using a Nd:YAG laser (Quanta Ray GCR 130, repetition rate of 10 Hz,

maximum energy of 170 mJ, pulse duration of about 10 ns). Both the fundamental wave-

length λlsr = 1064 nm and, by means of a frequency-doubling crystal, the second harmonic

wavelength λlsr = 532 nm are provided. When the laser beam at λlsr = 1064 nm is used,

the second laser beam at λlsr = 532 nm is filtered out by a beam dump and vice versa. A

system of mirrors that is highly reflective for both laser wavelengths enables the vertical

beam alignment. Moreover, a cylindrical lens (focal length of 300 mm) focuses the laser

beam vertically in order to pass the small discharge gap width of 3 mm.

laser
beam

HV

1 mm

3

2

1

0

z l
sr
 [

m
m

]

glass

glass

tlsr

310 µs + tlsr

310 µs + tlsr + 190 µs

lamp pulse

Q-switch pulse

(b)
Uext(t) Idis(t)

(a)

Fig. 2.6: Laser-based diagnostics: (a) axial position zlsr of the divergent laser beam inside

the discharge gap, and (b) temporal shift tlsr of the laser pulse train with respect to the phase

of the applied voltage Uext(t) and the discharge current Idis(t).

As depicted in figure 2.6(a), the focal point is in front of the discharge configuration to

achieve a vertical extent of the laser beam of about 1 mm in the center of the discharge

volume. Regarding the laser-photodetachment experiment, this satisfies the compromise

between (i) avoiding the laser-interaction with the charged glass barriers, and (ii) illumi-

nating a large part of the discharge volume to obtain directly measurable effects on the

discharge caused by the detached electrons. Regarding the laser-photodesorption exper-

iment, the slight divergence of the laser beam enables the release of surface electrons by

photon impact at a small angle of incidence. The laser pulse energy is measured by a power

meter (COHERENT, FieldMaxII), which is placed behind the vacuum chamber. The max-

imum pulse energy inside the discharge volume is approximately Elsr(532 nm) = 70 mJ and

Elsr(1064 nm) = 110 mJ, respectively.

Moreover, the laser pulse was shifted along the phase of the feeding voltage using a pulse

delay generator (SMV PDG 204). As indicated in figure 2.6(b), the laser firing time tlsr
is defined with respect to the zero-crossing of the feeding voltage. In general, up to four

consecutive discharge cycles were recorded by the digital oscilloscope (LeCroy 9304AM)

in order to analyze the laser-induced change in discharge characteristics and its relaxation

behavior.

12



3 Barrier Discharge Modes

in He/N2 and He/O2 Mixtures

This chapter provides an overview of the operating modes and related existence regimes of

barrier discharges in He/N2 and He/O2 mixtures, as reported in detail in Articles I−IV.

Characteristic for these binary gas mixtures are the mode transition regimes between the

common laterally diffuse and filamentary barrier discharges, such as the multiple current

pulse regime of the diffuse discharge and self-stabilized discharge filaments operated in the

plane-parallel electrode configuration. In both cases, advanced diagnostics were combined

to study and correlate important volume and surface processes. The investigations aim to

evaluate the relevance of volume and surface memory effects for the breakdown mechanism

and the long-term conservation of the lateral discharge structure.

3.1 Existence regimes

Using the plane-parallel electrode configuration and varying operating parameters such

as the gas composition, the total pressure, and the feeding voltage amplitude and shape

allows the operation of various modes of the barrier discharge. These can differ regarding

both the breakdown mechanism and the lateral discharge structure. Figure 3.1 provides

an overview of the different discharge modes that were studied within the framework of the

present thesis. This is a rough impression of the discharge characteristics by photographs

from top-view (averaged over several voltage periods) and corresponding current profiles.
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Fig. 3.1: Photographs and current profiles for different discharge modes: (a) diffuse Townsend-

like discharge in nominally pure N2 at Ûext = 3.4 kV, (b) coexistence of diffuse and filamentary

discharge in He/N2(1:1) at Ûext = 2.5 kV, (c) diffuse glow-like discharge in nominally pure He

at Ûext = 0.7 kV, (d) self-organized discharge filaments in He/N2 (3:1) at Ûext = 1.6 kV, and

(e) arbitrary distributed microdischarges in nominally pure N2 at Ûext = 4.5 kV, p = 500 mbar.
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3 Barrier Discharge Modes in He/N2 and He/O2 Mixtures − Articles I−IV

Starting with figure 3.1(a), the laterally diffuse discharge in pure nitrogen typically op-

erates in the Townsend mode, if driven by sine-wave voltage at moderate amplitude of

3.5 kV, frequency of 2 kHz, pressure of 500 mbar, and discharge gap width of 1 mm. Con-

sidering the circular discharge area of about 1.8 cm2, the discharge current density has a

low amplitude in the order of 0.1 mA/cm2 but a long pulse duration of about 125 µs, which

equals to one quarter of the whole sine-wave period. The gradual charge carrier production

driven by SEE via N2(A3Σ+
u ) metastable molecules prevents a remarkable distortion of

the electric field across the gas gap, as typical for the Townsend discharge at low pressure.

Increasing either the feeding voltage amplitude or the admixture of helium to nitrogen

results in the coexistence of the diffuse Townsend-like discharge and self-organized dis-

charge filaments during one half-period, see figure 3.1(b). A superposition of two clearly

distinct current pulses is visible. Several filamentary breakdowns occur almost simultane-

ously and reach much higher current densities in the order of 10 mA/cm2 at much shorter

pulse duration of about 1 µs compared to the Townsend-like breakdown in the background.

The discharge operation at a higher voltage amplitude and related steeper voltage slope

than allowed for the mere Townsend mode causes a higher ionization rate, which results

in space charge formation and electric field distortion. That is why these self-organized

filamentary breakdowns are attributed to the glow mode of the barrier discharge.

Usually, the glow mode is operated in nominally pure helium and appears laterally dif-

fuse, as depicted in figure 3.1(c). Here, square-wave feeding voltage with an amplitude of

0.6 kV is sufficient for the operation of the glow mode due to the small discharge gap width

of 1 mm. That is why the current density of about 1 mA/cm2 is one order of magnitude

lower than in the coexistence regime driven by high sine-wave voltage in He/N2 mixtures.

Using He/N2 mixtures and square-wave feeding voltage with critically low amplitude

compared to the initial ignition voltage results in the formation of self-organized discharge

filaments, see figure 3.1(d). Due to the steep voltage slope compared to the sine-wave op-

eration in figure 3.1(b), the current pulse duration is in the order of 100 ns and the current

density reaches values up to 100 mA/cm2. Finally, in figure 3.1(e), over-voltage leads to a

significant increase in ionization rate and thus in local electric field distortion. It ends up

in streamer breakdown and arbitrarily distributed microdischarges, regardless of the gas

composition and voltage shape. However, using sine-wave feeding voltage, the individual

microdischarge breakdowns occur non-stationary over one quarter of the sine-wave period

in between the already occupied filament positions. Compared to the self-organized dis-

charge filaments, the current pulse duration decreases once more down to 10 ns.

After the phenomenological characterization, the existence regimes of the discharge

modes are summarized in figure 3.2, depending on the He/N2 and He/O2 mixture, total

pressure, as well as feeding voltage amplitude and shape. Note that the boxes contain the

operating parameters that are kept constant. In each diagram, open squares interpolated

by a solid line mark the minimum feeding-voltage amplitude to maintain the discharge.

It is most striking that this maintaining voltage rises continually with both increasing

content of molecular gas like nitrogen or oxygen (a)−(e), and increasing pressure (f). This

is associated with the loss of electron energy by the effective transfer to rotationally as
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3.1 Existence regimes

well as vibrationally excited molecular states, and the higher elastic-collision frequency, re-

spectively. Moreover, the existence diagrams have in common that significant over-voltage

results in the microdischarge regime. However, close to the maintaining voltage it is pos-

sible to operate the diffuse discharge or self-organized discharge filaments. For instance,

the diffuse Townsend mode can be operated for any He/N2 mixture and even in nominally

pure helium (a), as well as for small admixtures of oxygen to helium (c) using sine-wave

voltage and a small discharge gap width of 1 mm. The flat voltage slope and the small gap

width keep the ionization rate low. Comparatively slow Penning ionization and secondary

electron emission dominate the discharge without significant space charge formation.
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Fig. 3.2: Existence regimes of barrier discharge modes depending on He/N2 mixture and

amplitude of (a) sine-wave and (b) square-wave feeding voltage, (c) small O2 admixture to He

and sine-wave feeding voltage, (d) small N2 admixture to He and sine-wave feeding voltage,

(e) N2 admixture to He and square-wave feeding voltage, and (f) pressure and square-wave

feeding voltage. The parameters that are kept constant are stated in the box.
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In contrast, the typical diffuse glow mode is observed using square-wave voltage (b) or a

larger gap width of 3 mm, (d) and (e), and only small admixtures of nitrogen or oxygen to

helium. A further increase in the concentration of molecular gas leads to lateral discharge

inhomogeneities due to larger effective ionization coefficients of nitrogen and, especially,

oxygen compared to helium. Under these conditions, the sine-wave operation results in

multiple current pulses per half-cycle of the diffuse discharge (d), and the square-wave

operation results in self-organized discharge filaments, (b), (e) and (f). Even one discharge

filament is conserved when the feeding voltage amplitude is critically low. In the following,

these two discharge phenomena, which both mark the transition to the non-stationary and

arbitrarily distributed microdischarge regime, are characterized regarding the breakdown

mechanisms and memory effects investigated by volume and surface diagnostics.

3.2 Multiple current pulse regime of the diffuse discharge

The long-lasting rise of the sine-wave feeding voltage and small admixtures of molecular

gas to helium allow the operation of multiple stationary current pulses per half-cycle of the

diffuse barrier discharge. Exemplary, figure 3.3 shows the multiple current pulse regime

for different oxygen admixtures to helium at the total pressure of 500 mbar inside a gas

gap of 1 mm. In general, an increase in oxygen admixture causes an increase in number

of current pulses. Note that the first current pulse occurs before the zero-crossing of the

feeding voltage. At this time, the breakdown condition has already been reached since the

gap voltage is enhanced by residual surface charges (surface memory effect).
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Fig. 3.3: Multiple current pulse regime of the diffuse discharge driven by sine-wave feeding

voltage at Ûext = 940 V in He with different O2 admixtures inside a gap of g = 1 mm.

Even for very small oxygen admixtures in the order of 100 ppm, the important Penning

ionization of oxygen molecules by helium metastable states

Hem + O2 → He + O+
2 + e−, (3.1)

with rate coefficient 2.5× 10−10 cm3s−1 [137–140], dominates over the pooling reaction

Hem + Hem → products. (3.2)

Considering the total pressure of 500 mbar, the effective lifetime of the metastable states

decreases from about 10 µs in helium with always present impurities to less than 0.4 µs in

helium with 0.1 vol.% oxygen admixture. Hence, the current pulse duration decreases as
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3.2 Multiple current pulse regime of the diffuse discharge

well. The same is valid for the transported charge per breakdown, as can be seen from

the area under the current pulses. Consequently, the amount of deposited surface charges

decreases, which causes a smaller drop in gap voltage during each current pulse. As a

consequence, the breakdown condition is reached more often as long as the feeding voltage

is rising. Note that this discussion is analogous for nitrogen admixtures to helium.

Actually, the admixture of 0.1 vol.% oxygen to helium already causes the formation of

microdischarges during the negative half-cycle of the feeding voltage. This asymmetry in

both half-cycles is due to different secondary electron emission coefficients of the dielectrics

used. Finally, a further increase in oxygen concentration results in microdischarges during

both half-cycles, see figure 3.2(c). Although the multiple current pulse regime representing

the transition between diffuse and filamentary discharges has been known for long time,

the underlying breakdown mechanisms have so far been rarely investigated.
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Fig. 3.4: Sine-wave feeding voltage Uext(t), discharge current Idis(t), and spatio-temporally

resolved optical emission of the He line at 706.5 nm for the multiple current pulse regime of the

diffuse discharge operated in (a) He with 0.1 vol.% O2 inside a gas gap of 1 mm at a voltage

amplitude of 0.94 kV, and (b) He with 0.2 vol.% N2 inside a gas gap of 3 mm at a voltage

amplitude of 1.3 kV. In both cases, the total pressure amounts to 500 mbar.

In figure 3.4, the multiple current pulse regimes of the diffuse discharge operated in (a)

He with 0.1 vol.% O2 inside a gas gap of 1 mm and (b) He with 0.2 vol.% N2 inside a gas

gap of 3 mm are compared regarding the electrical characteristics and the spatio-temporal

development of the optical emission resulting from the transition He(33S → 23P ). The

radiative He(33S) state is dominantly populated by direct electron impact with the ground

state, requiring a high excitation energy of 22.7 eV. Note that the effective lifetime of the

radiative He(33S) state amounts to tens of nanoseconds, which is short compared to the

microsecond time scale of the discharge. Hence, the detected optical emission at 706.5 nm

acts as an indicator for both high electron density and energy. Starting with the discharge

in (a), during each current pulse, the emission intensity rises exponentially towards the

boundary of the anodic dielectric1, as characteristic for the Townsend mode of the barrier

1Note that the emission intensity detected outside the actual discharge gap results from refraction at the

transparent dielectrics covering the electrodes. The marked boundary is defined by the refraction edge.
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discharge. No significant space charge is formed inside the discharge volume, wherefore

the electric field and thus the mean electron energy are nearly constant across the gas

gap. Hence, the optical emission only follows the axial profile of the electron density. It

is known that the barrier discharge in helium usually operates in the glow mode. But,

compared to standard operating conditions, the small gap width of 1 mm, the pressure of

half an atmosphere, and the flat voltage slope allow the discharge ignition without space

charge formation at a low ionization rate. That is why the Townsend mode is favored.

In particular, the situation is different when the gas gap width is increased from 1 mm to

3 mm in figure 3.4(b). Here, the first most intense breakdown and also the three following

ones are characterized by a cathode-directed development of the optical emission. The

global maximum is reached in front of the cathodic dielectric and the local maximums are

slightly shifted away but still near to the cathode. This emission pattern indicates the

propagation of an ionizing front after a critical space charge has build up in front of the

anode, and a cathode fall region with high local electric field strength during the current

pulse maximum. In contrast, the last and weakest discharge breakdown just before the

feeding voltage maximum operates again in the Townsend mode. Here, the flat voltage

slope keeps the ionization rate low. Moreover, after the third current pulse, a significant

optical emission is detected in between two breakdown events, too. Thus, metastable

species or residual ions in regions with low electric field may be present (volume memory

effect) and enhance the pre-ionization by secondary electron emission from the cathodic

dielectric. This favors the transition from the glow mode to the Townsend mode.
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Fig. 3.5: Lateral discharge inhomogeneities in the multiple current pulse regime in He with

0.2 vol.% N2, g = 3 mm, Ûext = 1.3 kV: (a) sine-wave feeding voltage Uext(t), discharge current

Idis(t), and spatially averaged gap voltage Ugap(t), and (b) spatially resolved change in surface

charge density ∆σsur(x, y) during the breakdown events no. 1− 5.

Besides the changing breakdown mechanisms, the multiple current pulse regime marks

also a transition between the laterally diffuse discharge and the filamentary discharge. So

far, spatial inhomogeneities in case of this discharge regime have once been discovered

by current measurements using segmented electrodes [90]. These investigations revealed

central and peripheral discharge regions comparing consecutive current pulses. For the first

time, figure 3.5 presents spatially resolved surface charge measurements for the multiple

current pulse regime. In (a), the electrical characteristics are plotted and the individual
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3.3 Single self-stabilized discharge filament

current pulses are numbered, and in (b) the difference in surface charge density during each

current pulse is depicted. The first breakdown that is related to the most intense current

pulse ignites on the entire circular electrode area, but with a ring-like maximum at the

boundary (1). The reason might be a slight electric field enhancement at the electrode’s

edge. In contrast, there is no assigned change in surface charge density during the second

breakdown (2), which occurs somewhere outside the electrode area, possibly at the gas

outlet. However, the surface memory effect preserves the lateral inhomogeneity of the

first breakdown that caused the highest change in surface charge density in the peripheral

region. That is why the third (and second notable) breakdown occurs in the center of

the electrode area (3), where the least surface charges were deposited. Again contrary

to the previous breakdown, the subsequent breakdown occurs within the ring-like region

near to the electrode’s boundary (4). The last Townsend-like breakdown is in general weak

and covers the entire electrode area homogeneously (5). In conclusion, the surface memory

effect mainly determines the lateral discharge structure. The subsequent breakdown ignites

in the counterpart region of the previous breakdown, since the deposited surface charges

reduce the electric field across the gas gap. However, the electric field enhancement at

the electrode’s edge as well as the presence of residual metastable species or ions in the

volume impair the structure conservation by the surface memory effect.

Moreover, figure 3.5(a) shows the spatially averaged gap voltage Ugap(t) calculated by (i)

the measured transported charge (dashed blue lines) according to equation (2.1), and (ii)

the measured surface charge density (dotted blue line) according to equation (2.7). Note

that the calculation based on the transported charge considers both the assumption of one

homogeneous discharge region equal to the bottom electrode area, and the assumption of

two distinct discharge regions, as it is discussed in Appendix A.1, resulting in the gray-

colored gap voltage range. The dotted gap voltage curve calculated by the surface charge

density is enclosed by the gray-colored area, with the exception of the second breakdown

that ignites outside the detection window of the surface charge measurement. Hence,

the inhomogeneous discharge can be described by the used electrical equivalent circuits,

although they provide only global electrical quantities such as the overall charge dynamics.

3.3 Single self-stabilized discharge filament

The operation of self-organized discharge filaments is characteristic for He/N2 and He/O2

binary gas mixtures. In general, a steep voltage slope as provided by square-wave voltage

or higher-frequency sine-wave voltage enables the nearly simultaneous ignition of several

discharge filaments, and thereby lateral pattern formation. However, for the first time, a

single self-stabilized discharge filament is generated in the plane-parallel barrier discharge

configuration, and thus without geometrical fixing by semi-spherical electrodes.

In figure 3.6, two different procedures allowing the formation of single self-stabilized

discharge filaments are presented. First, as shown in figure 3.6(a), the reduction of the

feeding voltage amplitude from 3.2 kV to 2.2 kV causes the transition from multiple arbi-

trarily distributed microdischarge filaments to several self-organized discharge filaments,
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and finally a single self-stabilized discharge filament is conserved. Here, the gas mixture

of He with 10 vol.% N2 additive is kept constant at the total pressure of 1 bar. Note that

the voltage amplitude of 3.2 kV is necessary for the initial discharge ignition when residual

surface charges are absent. The subsequent reduction of the voltage amplitude enforces

the conservation of discharge filaments at the positions of already deposited surface charge

spots (surface memory effect). Since the single self-stabilized discharge filament is oper-

ated at 2.2 kV, one can deduce that the surface charge spots at the footprints of each

filament cause an additional voltage drop across the gas gap of about 1 kV.
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Fig. 3.6: Formation procedures for single self-stabilized discharge filaments visualized by the

discharge current profile and photographs from side-view: (a) Variation of the square-wave

feeding voltage amplitude for the fixed mixture of He with 10 vol.% N2 at 1 bar. (b) Variation

of the N2 admixture to He at 500 mbar for the fixed voltage amplitude Ûext = 0.8 kV.

The second formation procedure is presented in figure 3.6(b). In contrast to the first

procedure, the N2 admixture to He was varied at 500 mbar and otherwise constant feeding

voltage amplitude of 0.8 kV. Starting in pure He, the diffuse glow-like discharge is operated

as usual. However, admixing at least 0.2 vol.% N2 to He causes the concentric constriction

of the discharge, ending up with a single self-stabilized discharge filament for 2 vol.% N2

admixture to He. The discharge mode transition is accompanied by an earlier onset and

shorter duration of the current pulse. This indicates an enhanced ionization rate due to

the more effective electron-impact ionization and Penning ionization of N2 molecules. In

turn, the radius of the charge carrier avalanches should decrease with increasing ionization

coefficient according to r ∼ α−1
eff in first approximation, which explains the filamentation

of the discharge with rising N2 admixture.

For the first time, the stationary and well-localized ignition behavior of the self-stabilized

discharge filament provides the possibility to combine optical diagnostics of the discharge

volume, which requires the accumulation over many discharge cycles, with the surface

charge detection via the electro-optic Pockels effects, which is restricted to the usage of

the plane BSO crystal. Figure 3.7 depicts ICCD camera images from side-view at different

times during the development of two self-stabilized discharge filaments. Already up to a

microsecond before the breakdown onset, a weak optical emission is detected in front of
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3.3 Single self-stabilized discharge filament

the anode. It reveals the Townsend pre-phase (a,b), which is characterized by a nearly

constant electric field along the symmetry axis and an exponentially increasing electron

density towards the anode. Note that the Townsend pre-phase is already well-localized

at the position of residual surface charge spots. Once the critical space charge formation

has reached resulting in a high local electric field distortion, a thin conductive channel is

closing across the gas gap (c), which indicates the cathode-directed ionizing front. The

propagation velocity can reach values up to 106 m/s. This is comparable to the streamer

breakdown during the microdischarge development. Afterwards (d−g), the typical axial

structure of a glow-like discharge arises: negative glow is followed by Faraday dark space,

positive column, and anode glow. During the afterglow (g−i), the light intensity spreads

towards the electrode’s boundaries revealing the propagation of surface discharges. At this

time, the well-localized surface charge spots cause large electric field components in lateral

direction. Overall, it is shown that the breakdown mechanism of a single self-stabilized

discharge filament is partly reminiscent of both the microdischarges typically operated in

air-like mixtures and the glow-like discharge typically operated in helium.
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Fig. 3.7: Discharge current and ICCD camera images from side-view at the highlighted times

a− i during the development of two self-stabilized discharge filaments driven by square-wave

voltage at Ûext = 2.3 kV in He with 10 vol.% N2 at 1 bar.

The surface charge accumulation onto the cathodic dielectric is shown in figure 3.8 for

different times during the breakdown of a single self-stabilized discharge filament, compare

the time scale in figure 3.7. Besides the two-dimensional surface charge density distribu-

tion depicted below, the corresponding one-dimensional profiles through the center of the

charge spots are plotted above. At t = 5.4 µs, the cathodic dielectric is negatively charged

with residual electrons resulting from the filamentary breakdown during the previous half-

cycle. The negative surface charge spot is Gaussian-like with a FWHM2 of about 6 mm.

The latter is significantly larger than both the FWHM of 1.6 mm for the microdischarge

regime in a gas mixture of 90 vol.% He and 10 vol.% N2 at 500 mbar [106], and the FWHM

2The abbreviation FWHM means full width at half maximum/minimum.
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of less than 1 mm for the laterally patterned discharge in helium at lower pressures [141].

However, especially electrons have a large mobility wherefore the negative surface charge

profile has widened during the surface discharge of the previous half-cycle. During the

breakdown, positive ions drift from the discharge volume towards the cathodic dielectric

and form positive surface charges by recombination with electrons on the dielectric. The

ion current density onto the cathodic dielectric is highest at the center of the discharge fil-

ament. Since the mobility of ions is much lower than the mobility of electrons, the polarity

of the surface charge spot changes from negative to positive first at the center, leaving a

surrounding ring of residual electrons behind. This centered deposition of positive surface

charges correlates with the constricted cathode-directed ionizing front in figure 3.7(c−f).

During the discharge post-phase, the surface charge density changes ring-shaped in out-

ward direction, which correlates with the radial propagation of surface discharges in figure

3.7(f−i). The final Gaussian profile of the positive surface charge spot has a FWHM of

about 4.8 mm, which is smaller than the FWHM of the negative spot profile, again due to

significantly different mobilities of incident ions and electrons.
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Fig. 3.8: Surface charge accumulation onto the cathodic dielectric caused by a single self-

stabilized discharge filament driven by square-wave voltage at Ûext = 2.2 kV in He with

10 vol.% N2 at 1 bar: 1D profile through the center of the surface charge spot (top) and cor-

responding 2D distribution of the surface charge density (bottom) for different times during

the breakdown, compare figure 3.7.

Besides, the long-lasting afterglow in the volume indicates the presence of long-living

species between two consecutive discharge breakdowns. But, the helium metastable states

are effectively quenched by Penning ionization (3.1). Also, the discharge filament is still

stationary and well-localized when admixing oxygen, although the effective lifetime of the

N2(A3Σ+
u ) metastable state is reduced to the sub-microsecond range in the presence of a

few percent of oxygen admixtures due to the effective quenching reaction

N2(A3Σ+
u ) + O2 → products (3.3)

with rate coefficient of 3(1)× 10−12 cm3s−1 [142]. Consequently, a volume memory effect

is not crucial for the self-stabilization. Instead, the critical time of about 0.1 s between

two consecutive discharge breakdowns, which just allows to maintain the self-stabilization,

equals the lifetime of a major surface charge population. This indicates the outstanding

importance of the surface memory effect for the spatial conservation of the breakdown

position. The following chapter is focused on the role of surface charges in general.
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4 The Role of Surface Charges

This chapter highlights the importance of surface charges for barrier discharges both from

electrostatic point of view and regarding plasma-surface interactions, as reported in detail

in Articles V−VI. For the first time, the memory effect by surface charges was quantified

by a spatio-temporally resolved gap voltage in order to explain the transition from arbi-

trarily distributed microdischarge filaments to self-organized discharge filaments and vice

versa. Moreover, surface electrons are weakly bound to a dielectric and thus it is assumed

that they act as an effective seed electron reservoir, which favors the formation of the dif-

fuse discharge. This was demonstrated by an experiment based on laser photodesorption

of surface electrons in combination with a numerical fluid simulation. Finally, the binding

energy of surface electrons and, thus, the effective secondary electron emission (SEE) de-

pend on the dielectric material. In this context, the influence of commonly used dielectrics

on the discharge development was systematically studied, and effective SEE coefficients

were estimated using Townsend’s criterion for the breakdown voltage in combination with

analytical calculations of the effective ionization coefficient.

4.1 Quantitative evidence of the surface memory effect

The accumulation of charge carriers from the discharge volume onto the dielectric surfaces

is most characteristic for barrier discharges. The deposited surface charges survive during

two consecutive discharge breakdowns. Hence, the (inhomogeneous) distribution of surface

charges acts as an electrostatic memory, which strongly determines the re-ignition behavior

of barrier discharges. This is referred to as the surface memory effect.
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times after turning off the filamentary barrier discharge driven by square-wave voltage at

Ûext = 2.3 kV in pure N2 at p = 300 mbar. The change in FWHM is indicated by blue lines.
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Figure 4.1 shows the change in averaged radial profiles of (a) positive and (b) negative

surface charge spots on the BSO crystal after switching off the filamentary discharge in

nitrogen. The Gaussian-like profiles of the surface charge density represent the footprints

of the discharge filament, wherein the height as well as the FWHM differ for both charge

polarities. However, in both cases, the height decreases and the FWHM increases on the

second up to minute time scale, which clearly exceeds the typical discharge off-time in the

order of milliseconds down to tens of microseconds. Hence, the surface charge morphology

is conserved during the periodic discharge operation and determines the lateral discharge

structure due to the (local) enhancement of the electric field across the gas gap.
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Fig. 4.2: Surface charge density distribution after the filamentary discharge breakdown in He

with 10 vol.% N2 at 1 bar for different amplitudes of the square-wave feeding voltage.

The outstanding importance of surface charges has frequently been highlighted in lit-

erature on a qualitative level. As a prominent example, the spatial conservation of self-

organized discharge filaments is related to the surface memory effect, however, a quan-

titative evidence from experimental point of view is still missing. Based on the positive

surface charge distribution averaged over several voltage periods, figure 4.2 illustrates the

transition from arbitrarily distributed microdischarge filaments to self-organized discharge

filaments caused by reduction of the feeding voltage amplitude. Note that the arbitrary re-

ignition of MDs at Ûext = 3.2 kV and the rotating re-ignition of self-organized filaments at

Ûext = 3.0 kV are indicated by overlapped surface charge spots and a surface charge ring,

respectively. A further reduction of the voltage amplitude leads to several self-organized

discharge filaments, and finally to a single discharge filament at Ûext = 2.2 kV. Hence,

the difference of 1 kV between the initial ignition voltage in the MD regime and the low

operating voltage of a single self-stabilized discharge filament must be compensated by the

enhanced electric field at the positions of residual surface charge spots.

Indeed, this is verified in figure 4.3 by the spatio-temporally resolved gap voltage, which

is calculated from the measured surface charge density and the feeding voltage according

to equation (2.7). In (a), the spatial distribution of the gap voltage is depicted just before

the breakdown onset of four self-organized discharge filaments at Ûext = 2.5 kV, and a sin-

gle discharge filament at Ûext = 2.2 kV. In general, the breakdown voltage of about 2.7 kV

is only reached at the center of the surface charge spots. In contrast, in the surrounding

region where no surface charges were deposited, the gap voltage amounts to about 1.6 kV,

which equals the partial feeding voltage drop across the gas gap. Thus, the contribution

of surface charges to the local gap voltage is up to 1.1 kV under the operating conditions

studied. The temporal evolution of the spatially resolved gap voltage is depicted in (b),

especially indicating the dynamics of the gap voltage at the spot center and at the edges.
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4.2 Impact of released surface electrons on the pre-ionization

Before the breakdown, the gap voltage rises according to the applied voltage over the entire

electrode area, whereas during the breakdown, the gap voltage drops down significantly

only at the position of the surface charge spot due to the well-localized discharge current.

As long as the required breakdown voltage of about 2.7 kV is not reached at any time in

between the surface charge spots, the spatial position of the periodic discharge re-ignition

remains conserved. Otherwise, when the feeding voltage amplitude is increased by about

0.8 kV, the required breakdown voltage is reached at later times in between the initial

filament positions too. This results in the rotating re-ignition behavior and, finally, in the

transition to arbitrarily distributed MDs, compare figure 4.2.
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10 vol.% N2 at 1 bar: (a) Lateral gap voltage distribution just before the breakdown. (b) Gap

voltage dynamics at the center of the surface charge spot and at the edges for Ûext = 2.2 kV.

4.2 Impact of released surface electrons on the pre-ionization

In general consensus, positive surface charges are holes in the valence band of the dielectric

resulting from the recombination of positive ions from the discharge volume with electrons

from the dielectric surface. In contrast, the physical nature of negative surface charges and

related trapping, binding, and releasing mechanisms are not yet fully clarified. However,

it is assumed that negative surface charges are electrons that are bound to the dielectric

surface. Typical binding energies of surface electrons are in the order of 1 eV depending

on the dielectric material, which was revealed in experiments analyzing the thermally and

optically stimulated luminescence [116–118]. Hence, the weakly-bound surface electrons

are easier releasable than intrinsic electrons. That is why they might act as an effective

seed electron reservoir, which favors the pre-ionization of diffuse barrier discharges. This

was examined by a laser-photodesorption experiment in combination with numerical fluid

simulations focusing on the influence of released surface electrons on electrical and optical

characteristics of the diffuse glow-like discharge in helium.

Figure 4.4(a) shows the laser-photodesorption effect on the gap voltage Ugap(t), the

discharge current Idis(t), and the deposited surface charge Qsur(t) using the laser photon

energy of 2.33 eV. The laser beam hits the negatively charged cathodic dielectric during

the pre-phase of the discharge within the negative half-cycle. The desorption of surface

electrons from the cathodic dielectric causes no immediate detectable current pulse, but a

remarkable decrease in breakdown voltage ∆U of the following discharge, a corresponding
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4 The Role of Surface Charges − Articles V−VI

earlier breakdown onset ∆t, and a smaller overall amount of transported charge ∆Q. This

disturbance compared to the discharge without laser interaction lasts for the two following

voltage periods, before the initial characteristics are completely restored. Hence, there are

no long-term effects such as laser-heating of the dielectric surface.
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Fig. 4.4: Impact of released surface electrons on the diffuse discharge driven by sine-wave

voltage at Ûext = 0.8 kV in nominally pure He at 500 mbar: (a) Laser-photodesorption experi-

ment. The laser at 2.33 eV photon energy and 70 mJ pulse energy hits the negatively charged

dielectric (float glass). (b) Numerical simulation. Each quantity is plotted for the discharge

with laser interaction (colored lines) and, for reference, without laser interaction (gray lines).

The measured laser-induced effect indicates that the pre-ionization is significantly en-

hanced by the released surface electrons. This was verified by a one-dimensional fluid

model, which allows to simulate the laser-photodesorption effect by removing a defined

amount of surface electrons from the cathodic dielectric. In figure 4.4(b) above, the sim-

ulated gap voltage and discharge current are plotted without and with artificial release

of 10 pC electrons from the surface. The simulation reproduces the laser-photodesorption

effect observed in the experiment: the breakdown voltage decreases and the discharge

starts earlier. The corresponding changes in spatially averaged densities of electrons, he-

lium metastable states, and positive ions (in sum) are plotted below. First, the surface

electrons are released by the laser

e−(surface) + Eph → e−(free), (4.1)

wherein Eph is the photon energy. Thereby, the volume electron density rises immediately

by two orders of magnitude. Thus, the small amount of released surface electrons sig-

nificantly supports the pre-ionization dynamics since the background electron density is

comparatively low during the pre-phase. Subsequently, the density of helium metastable

states increases rapidly by one order of magnitude due to electron-impact excitation

e− + He→ e− + Hem, (4.2)
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4.2 Impact of released surface electrons on the pre-ionization

followed by Penning ionization of always present air impurities

Hem + N2/O2 → He + N+
2 /O

+
2 + e−. (4.3)

Thereby, the increase in the densities of N+
2 and O+

2 is delayed, and the volume electron

density remains high after the short-lived laser-induced electron beam. Finally, the addi-

tional ions move to the cathodic dielectric and enhance the yield of secondary electrons,

N+
2 /O

+
2 + 2e−(surface)→ N2/O2 + e−(free). (4.4)

The disturbance in species densities lasts for some tens of microseconds, which is mainly

due to the effective lifetime of helium metastable states. Since the enhanced pre-ionization

does not restore until the breakdown onset, the discharge characteristics finally change.
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Fig. 4.5: Discharge mode transition caused by released surface electrons from the cathodic

dielectric: (a) Laser-photodesorption experiment with Eph = 1.17 eV and Elsr = 110 mJ. The

unaffected discharge conditions are the same as in figure 4.4. (b) Adapted simulation with

Qtot
e− = 3 nC released surface electrons. Above, the gap voltage Ugap(t) and the discharge

current Idis(t), and below the spatio-temporal development of (a) He emission at λ = 706.5 nm

and (b) total ionization rate are plotted for the discharge with laser-surface interaction in

comparison to the unaffected discharge.

Since the laser photodesorption of surface electrons results in an increase in the yield

of secondary electrons during the pre-phase, the discharge mode might change. Using the

photon energy of 2.33 eV, both the experiment and the simulation reveal a slow-down of

the cathode-directed ionizing front. Nonetheless, the cathode fall and the negative glow

are still present, which means that the laser-affected discharge operates still in the glow

mode just like the unaffected discharge. This is different when the laser photon energy

is reduced from 2.33 eV to 1.17 eV. In figure 4.5(a), the gap voltage and the discharge

current as well as the optical emission at λ = 706.5 nm originating from the resonantly

excited He(33S) state are plotted with and without laser photodesorption of surface elec-

trons at the photon energy of 1.17 eV. In contrast to the effect at 2.33 eV, an additional

current peak is observed just after the laser pulse, and the breakdown voltage is signifi-

cantly reduced and remains nearly constant during the weak long-lasting discharge current
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pulse. Moreover, the optical emission reveals neither a cathode-directed ionizing front nor

a negative glow, and its maximum is clearly shifted towards the anode. Both the plateau

in gap voltage as well as the emission pattern are characteristic for the Townsend mode.

The additional current peak and the transition from the glow mode to the Townsend

mode indicate a significant increase in the amount of released surface electrons using the

low photon energy of 1.17 eV. Thus, the amount of released surface electrons is clearly

enhanced to 3 nC in the simulation in figure 4.5(b). Here, the additional current peak at

the moment of the laser pulse, the constant gap voltage during the breakdown, and the

low discharge current are well-reproduced. The total ionization rate is significantly higher

at the moment of the laser pulse, but its maximum is clearly lower during the breakdown

and shifted towards the anode compared to the unaffected glow-like discharge.

Note that the additional current peak in figure 4.5(a) reveals a delay of some microsec-

onds between its maximum and the moment of the laser pulse, as well as a slow decrease

afterwards. Since the laser pulse duration amounts to 10 ns and the transit time of elec-

trons through gas gap is on the sub-µs scale when the breakdown voltage is reached, this

current profile indicates the stepwise release of surface electrons initiated by the photon

energy of 1.17 eV. Further discussions in this context can be found in Appendix B.1.

4.3 Effective secondary electron emission

The secondary electron emission (SEE) is an important process favoring the pre-ionization

of barrier discharges, especially at small gas gaps and flat voltage slopes. Usually, SEE

coefficients for ’clean’ dielectrics are stated in the literature. However, in contact with the

discharge, the dielectric surface is somehow contaminated, damaged, and charged. The

deposited surface electrons are weakly bound to the dielectric compared to the electrons in

the valance band. Nonetheless, it is often not considered that both electron populations

contribute to the effective SEE. The binding energies of surface electrons and intrinsic

electrons and thus also the SEE yield depend on the specific dielectric. For the glow-like

discharge in helium, figure 4.6 shows the change in (a) gap voltage and discharge current,

and (b) surface charge density caused by the variation of the cathodic dielectric material.
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4.3 Effective secondary electron emission

Tab. 4.1: Processes considered for calculating the effective ionization coefficient in helium with

air impurities. The rate coefficients are averaged over the values given in the stated references,

and have units of cm3s−1 for two-body reactions and cm6s−1 for three-body reactions.

No. Reaction Rate coefficient References

(r1) He + e− → He+ + 2e− f(E/n) [144]

(r2) He + e− → Hem + e− f(E/n) [144]

(r3) Hem + 2He→ Hem
2 + He 1.8× 10−34 [145–147]

(r4) Hem + N2 → He + N+
2 + e− 6.75× 10−11 [138,148–150]

(r5) Hem + N2 + He→ 2He + N+
2 + e− 3.5× 10−30 [138,149,150]

(r6) Hem + O2 → He + O+
2 + e− 2.5× 10−10 [137–140]

(r7) Hem + O2 + He→ 2He + O+
2 + e− 4.2× 10−30 [138,139]

(r8) Hem
2 + N2 → 2He + N+

2 + e− 5× 10−10 [62, 138]

(r9) Hem
2 + O2 → 2He + O+

2 + e− 4.5× 10−10 [138,151]

Note that the variation of the anodic dielectric does not cause any remarkable change

in breakdown characteristics. However, the variation of the cathodic dielectric, which is

charged with weakly-bound surface electrons during the pre-phase, significantly changes

the breakdown voltage and onset, as well as the overall amount of transported charge. The

breakdown voltage in figure 4.6(a) is largest for borosilicate glass, followed by alumina,

and smallest for magnesia. This indicates different effective SEE coefficients γeff for these

dielectrics in inverse ranking, because a high γeff favors the pre-ionization. The surface

charge density in figure 4.6(b) is largest for alumina, followed by magnesia, and smallest

for borosilicate glass, which have different permittivities in the same ranking, compare

table 2.1. By rearranging Townsend’s criterion for the breakdown condition,

γeff =

[
exp

(∫ g

0
αeff(E/n(z)) dz

)
− 1

]−1

, (4.5)

γeff can be estimated, as done in [110, 111]. Here, g denotes the discharge gap width,

and αeff(E/n) is the effective ionization coefficient as a function of the reduced electric

field strength E/n. The breakdown voltage Ub is reached within the late Townsend pre-

phase of the glow-like discharge when the space charge formation is not yet significant.

Hence, αeff(Ub) can be approximated to be constant across the gas gap, with Ug = E × g.

Following this assumption, the integral in equation (4.5) simplifies to αeff(Ub)×g. Finally,

αeff(Ug) is calculated from the ratio between the effective ionization rate reff(Ug) and the

mean electron drift velocity vd
e (Ug) according to

αeff(Ug) =
reff(Ug)

vd
e (Ug)

=
keff(Ug)gn

µe(Ug)Ug
. (4.6)

In table 4.1, the most important elementary processes are listed for determining the rate

coefficient for effective ionization keff(Ug). Both the electron mobility µe(Ug) and the

rate coefficients for direct electron-impact ionization (r1) and excitation of metastable

states (r2) are calculated using BOLSIG+ [143] and the LISBON database [144]. Besides
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electron-impact ionization of helium, the global model considers metastable’s conversion

(r3) and Penning ionization of always present impurities (r4)−(r9), which are defined as

synthetic air [N2]/[O2] = 4/1. The analytical calculations can be found in Appendix B.2.
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Fig. 4.7: Effective secondary electron emission coefficients γeff for different dielectrics in

dependence of uncertain quantities: (a) concentration of air impurities, (b) lateral discharge

extent, (c) Hem
2 /Hem density ratio, and (d) gas temperature.

The effective SEE coefficients obtained from Townsend’s criterion (4.5) are plotted for

the different dielectrics in dependence on uncertain quantities included in the calculations.

In contrast to the density ratio [Hem
2 ]/[Hem] of molecular to atomic metastable states (c),

the uncertainties in (a) the impurity concentration, (b) the diameter of the discharge area,

and (d) the gas temperature have a crucial influence on the calculation of the effective

SEE coefficients. These quite uncertain quantities determine either the effective ionization

coefficient or the calculated breakdown voltage. However, a reliable value for the impurity

concentration lies between 50 ppm and 200 ppm. Moreover, the lateral discharge extend

is about 14 mm, which was deduced from surface charge measurements and the steep

slope of the charge-voltage plot (Lissajous figure). The gas temperature is close to room

temperature, and thus may lie between 320 K and 350 K. Despite these uncertainties,

reasonable values between 0.04 and 0.4 for the effective SEE coefficients are obtained from

this approach for the dielectrics studied. Note that values even close to 1.0 were reported

in [110,111] using Townsend’s criterion. In general, γeff is clearly larger for magnesia and

alumina than for borosilicate glass. In addition, the adapted simulation of the discharge

reveals SEE by ion impact to be the dominant SEE process during the breakdown, which

might define these phenomenological coefficients estimated in the experiment.
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5 The Role of Negative Ions

This chapter is focused on the impact of negative ions on barrier discharges in helium

with small admixtures of oxygen, as reported for the first time in Articles VII−IX. The

change in electrical characteristics of the diffuse glow-like discharge caused by laser pho-

todetachment of negative ions is analyzed under systematic variation of the laser pa-

rameters. This opto-galvanic experiment is compared with analytical calculations of the

laser-photodetachment yield, and with 1D numerical fluid simulations to allow conclusions

about the electronegativity during the discharge pre-phase, breakdown, and post-phase.

The relative contribution of the negative ion species O−, O−2 , and O−3 to the measured

effect is pointed out by different laser photon energies, and by the comparison with the

species-dependent laser-photodetachment yield. Finally, the simulation reveals the kinet-

ics and dynamics of the negative ion species, and discusses the relevance of additional

negative ion production channels for the purpose of reproducing the experiment.

5.1 Laser photodetachment of negative ions

A laser-photodetachment experiment was performed to investigate the influence of negative

ions on barrier discharges in electronegative gas systems. Due to the high pressure and

the small discharge gap width, the direct measurement of detached electrons, e.g., by

Langmuir probes or microwave interferometry, is ineligible. Therefore, another attempt is

to study the change in discharge development caused by the detached electrons.
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Fig. 5.1: Control measurements of the laser-induced effect on the discharge driven by sine-

wave voltage at Ûext = 0.8 kV in (a) nominally pure He and (b) He with 600 ppm N2 admixture

at the total pressure of 500 mbar inside a gas gap of 3 mm. The gap voltage Ugap(t) and the

discharge current Idis(t) without (gray lines) and with laser exposure (colored lines) are plotted

during the discharge pre-phase (top) and the breakdown (bottom). The laser at Eph = 2.33 eV

and Elsr = 70 mJ passes through the center of the discharge gap.
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First, as a control measurement, figure 5.1 shows the gap voltage Ugap(t) and the dis-

charge current Idis(t) for the diffuse glow-like discharge in (a) helium and (b) helium with

600 ppm nitrogen admixture, both with laser exposure (dashed colored lines) and without

laser (gray lines in the background) for two different moments of the laser pulse. The laser

beam passes through the center of the gas gap and overlaps widely with the discharge

volume but without hitting the dielectrics, see figure 2.6(a). The maximum laser pulse

energy Elsr = 70 mJ is used at the highest available photon energy Eph = 2.33 eV that

corresponds to the second harmonic laser wavelength λlsr = 532 nm. The laser-affected

electrical quantities clearly overlap with the unaffected ones, both for the discharges in

helium and helium-nitrogen mixtures. In conclusion, there is no significant effect of the

laser photons on the discharge species and their reaction kinetics. Moreover, the variation

of the axial laser position, laser pulse energy, photon energy, and moment of the laser

pulse over the whole discharge cycle do not cause any measurable effects on the discharge

characteristics in helium and helium-nitrogen mixtures at all.
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Fig. 5.2: Laser-photodetachment effect on the discharge driven by sine-wave feeding voltage

at Ûext = 0.8 kV in He with 400 ppm O2 admixture at the total pressure of 500 mbar inside

a gas gap of 3 mm: (a) Gap voltage Ugap(t) and discharge current Idis(t) without (gray lines)

and with laser exposure (colored lines) during the pre-phase. The laser at Eph = 2.33 eV

and Elsr = 70 mJ passes through the center of the discharge gap. The blue-colored area

encloses those laser-firing times resulting in notable effects on the discharge. (b) Zoom into the

discharge current in (a) and quantification of the unaffected and laser-affected characteristics.

(c) Rate coefficients for elementary processes resulting in negative ion formation (1), (2) and

ionization (3)−(5) as a function of the reduced electric field strength.

In contrast to the measurements in helium and helium-nitrogen mixtures, a small but

systematic change in discharge characteristics is observed in helium with small admixture

of oxygen, as depicted in figure 5.2. Otherwise, the operating conditions and laser parame-

ters are the same as in figure 5.1. As highlighted in figure 5.2(a), the small mismatch in gap

voltage and discharge current is only observed when the laser is fired during the pre-phase

of the discharge within the blue-colored time frame. In more detail, the laser photodetach-

ment of negative ions results in a slightly lower breakdown voltage, corresponding earlier

breakdown onset, and less transported charge compared to the unaffected discharge. This

disturbance is quantified by the time shift ∆t = tu − ta between the current maximums

and the difference in transported charge ∆Q = Qu−Qa, as illustrated in figure 5.2(b). Es-
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5.2 Contribution of different negative ion species

pecially, the lower breakdown voltage indicates an enhanced pre-ionization caused by the

detached electrons. Such a measurable disturbance in ionization kinetics demands the neg-

ative ion density to be at least in the same order of magnitude as the background electron

density. Figure 5.2(c) plots the rate coefficients for the dominant negative ion production

channels, (1) and (2), as well as for the most important processes driving on the ioniza-

tion, (3), (4) and (5), as a function of the reduced electric field strength E/n. Note that

especially the helium metastable states determine the total ionization rate by Penning

ionization of air impurities. The rate coefficients were calculated with BOLSIG+ [143]

using the LISBON database [144]. For low E/n such as during the early discharge pre-

phase, the density of negative ions may exceed the electron density. This explains why the

laser photodetachment of negative ions noticeably influences the pre-ionization resulting

in a lower breakdown voltage. In contrast, during the discharge breakdown, there is no

laser-photodetachment effect because the background electron density should significantly

exceed the negative ion density at comparatively high E/n.

5.2 Contribution of different negative ion species

Figure 5.3 shows the laser-photodetachment effect quantified by the time shift ∆t between

the current maximums and the less transported charge ∆Q in dependence of the laser pulse

energy Elsr. The averaged values ∆t and ∆Q of the respective temporal profiles in (a) are

plotted as a function of Elsr in (b). It is most striking that the laser-photodetachment effect

increases with rising Elsr, and finally reaches saturation. This saturation behavior should

correspond to the case that all negative ions within the laser beam volume were actually

detached, and thus it correlates with the laser-photodetachment yield ∆[e−]/[X−] ≤ 1.

The latter is defined as the ratio between the density of detached electrons and the overall

density of negative ions X− ∈ {O−,O−2 ,O−3 }.
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Fig. 5.3: Laser-photodetachment effect in dependence of the laser pulse energy Elsr: Time

shift ∆t between the current maximums and difference in transported charge ∆Q in depen-

dence of (a) the moment of the laser pulse with Elsr as a parameter, and (b) Elsr. The quantities

in (b) are averaged over the temporal profiles of corresponding Elsr in (a). Otherwise, the

discharge conditions and the laser parameters are the same as in figure 5.2.

In order to calculate the laser-photodetachment yield ∆[e−]/[X−] as a function of the

laser pulse energy Elsr for comparison with the experiment, the photo-induced reactions in
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Tab. 5.1: Electron affinity EA and photodetachment as well as photodissociation cross sec-

tions σX−(Eph) for different negative ion species depending on the laser photon energy Eph.

σX−(Eph) / (10−18 cm2)

X− EA [eV] Reaction Eph = 2.33 eV Eph = 1.17 eV

O− 1.46 [152] O− + Eph → O + e− 6.4± 0.6 [152,153] −
O−2 0.44 [153] O−2 + Eph → O2 + e− 1.2± 0.2 [153] 0.4± 0.1 [153]

O−3 2.1 [154] O−3 + Eph → O3 + e− 0.2± 0.1 [154,155] −
O−3 + Eph → O2 + O− 3.5± 0.5 [156,157] −

table 5.1 must be considered. Since the electron affinities of atomic and molecular oxygen

as well as ozone do not exceed 2.1 eV, the laser photon energy Eph = 2.33 eV enables

the photodetachment of all negative ion species. However, the direct photodetachment of

O−3 can be neglected compared to the much more efficient photodissociation of O−3 . The

solution of the resulting rate equation system provides the laser-photodetachment yield in

dependence of the laser pulse energy Elsr for each of the negative ion species,

∆[e−]

[O−]
= 1− exp

(
−σO−

Alsr

Elsr

Eph

)
, (5.1)

∆[e−]

[O−2 ]
= 1− exp

(
−
σO−

2

Alsr

Elsr

Eph

)
, (5.2)

∆[e−]

[O−3 ]
= 1−

σO−
3

σO−
3
− σO−

exp

(
−σO−

Alsr

Elsr

Eph

)
+

σO−

σO−
3
− σO−

exp

(
−
σO−

3

Alsr

Elsr

Eph

)
. (5.3)

The corresponding calculations are presented in Appendix B.3. Here, σX− denotes the

photodetachment or photodissociation cross section from table 5.1 for the respective neg-

ative ion species X−, and Alsr = πab is the elliptical cross-sectional area of the laser beam

with half-axes a = (4.5±0.5) mm and b = (0.5±0.1) mm inside the discharge volume. The

analytical expressions (5.1), (5.2) and (5.3) for the laser-photodetachment yields describe

saturation curves as a function of Elsr. These curves show different saturation onsets for

O−, O−2 , and O−3 , which is only determined by the different cross sections σX− .

In figure 5.4(a), the normalized time shift ∆t/∆tsat, the normalized difference in trans-

ported charge ∆Q/∆Qsat, and the laser-photodetachment yields ∆[e−]/[X−] are plotted

as a function of the laser pulse energy Elsr. Since σX− and Alsr are uncertain, the laser-

photodetachment yields are depicted as areas. Note that the dashed line is the maximum

of ∆[e−]/[O−2 ]. The calculated laser-photodetachment yields saturate within the same

range of Elsr as the measured laser-induced effect. This proves that the observed effect

on the He/O2 discharge is actually caused by laser photodetachment of negative ions.

However, due to the uncertainties in ∆[e−]/[X−], this saturation method is ineligible for

making reliable statements about the relative contribution of O−, O−2 and O−3 .

Besides the saturation method, the increase in laser wavelength from 532 nm to 1064 nm

and the corresponding decrease in photon energy from 2.33 eV to 1.17 eV enables the
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Fig. 5.4: Relative contribution of different negative ion species to the laser-photodetachment

effect: (a) normalized time shift ∆t/∆tsat and less transported charge ∆Q/∆Qsat as well as

calculated laser-photodetachment yield ∆[e−]/[X−] for different negative ion species X− as a

function of the laser pulse energy (Eph = 2.33 eV). (b) Discharge current with and without

laser photodetachment of negative ions at different photon energies. The discharge conditions

and the laser parameters are the same as in figure 5.3.

photodetachment of O−2 only, see table 5.1. In contrast to the small but systematic

effect measured at Eph = 2.33 eV, figure 5.4(b) does not reveal a significant mismatch

between the currents of the discharge without and with laser exposure at Eph = 1.17 eV.

Consequently, O−2 is of minor importance, but a certain mixture of [O−] + [O−3 ] >> [O−2 ]

dominates during the pre-phase and causes the measured laser-photodetachment effect.

Note that O−3 is predominantly produced from O− via the three-body reaction

O− + O2 + He→ O−3 + He. (5.4)

Here, it should be mentioned that the laser-photodetachment yields ∆[e−]/[X−] are calcu-

lated with the assumption of a homogeneous radiation flux along the cross-section of the

laser beam, which is a rough simplification of the actual laser profile from the experiment.

In particular, the simulation presented in the following subsection discusses the influence

of different laser profiles on the laser-photodetachment effect.

5.3 Simulation of the laser-photodetachment effect

The principles of the 1D numerical fluid simulation and its adaption to the discharge under

the experimental conditions are described in detail in Article VIII. The simulation of the

laser photodetachment of negative ions is realized using the cross sections σX− in table

5.1, a Gaussian temporal shape of the laser pulse with FWHMt = 10 ns, and different

spatial profiles of the laser beam, e.g., a Gaussian profile and smoothed box profiles with

FWHMz = 1 mm. The maximum of the spatio-temporal density profile nph(t, z) of laser

photons is given by the laser pulse energy Elsr. Finally, the laser-photodetachment rates

are defined by rX−(t, z) = σX−c0nph(t, z), wherein c0 is the vacuum speed of light.
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Fig. 5.5: Simulation of the laser-photodetachment effect: (a) 100 times larger attachment

rates, and (b) additional production of negative ions at the negatively charged cathodic di-

electric. The gap voltage Ugap(t) and the discharge current density jdis(t) (above) as well as

the spatially averaged density profiles for electrons, positive and negative ions, and helium

metastable states (below) are plotted without (gray lines) and with laser photodetachment of

negative ions at different times tlsr during the discharge pre-phase and the breakdown. Laser:

center of the discharge gap, box-shaped beam profile (s = 0.1 mm), Elsr = 100 mJ.

Running the simulation of the laser photodetachment with commonly used negative ion

production channels and rate coefficients reveals no effect on the electrical discharge char-

acteristics in contrast to the experiment. Under these conditions, the negative ion densities

are too low in the simulation, especially during the pre-phase of the discharge. Therefore,

larger rate coefficients or additional production channels are required to reproduce the

laser-photodetachment effect from the experiment. This is shown in figure 5.5 for (a) 100

times larger attachment rates and (b) the additional production of negative ions at the

negatively charged cathodic dielectric. First, assuming 100 times larger attachment rates

in (a), there is only a small effect at tlsr = 282 µs during the pre-phase, but a large effect at

tlsr = 294 µs during the breakdown, which has never been observed in experiments. Here,

the O− density even exceeds the electron density during the breakdown. In contrast, the
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5.3 Simulation of the laser-photodetachment effect

production of O− and O−3 at the negatively charged dielectric in (b), according to

O + e−(surface)
γO−−→ O−, (5.5)

O3 + e−(surface)
γ

O−
3−→ O−3 , (5.6)

results in large negative ion densities all over the discharge gap during the pre-phase, but

in moderate negative ion densities during the breakdown compared to the electron density.

The resonant transfer of surface electrons to the long-living radicals in (5.5) and (5.6) is

possible from the energetic point of view, since the electron affinities of O (1.46 eV) and

O3 (2.1 eV) probably exceed the typical binding energy of surface electrons in the order

of 1 eV [116–118]. In contrast, the electron affinity of O2 (0.44 eV) should be too small to

capture an electron from the dielectric surface. Note that the experiment also identifies

the species O− and O−3 to be responsible for the laser-photodetachment effect. Due to

the enhanced negative ion densities during the pre-phase, the laser photodetachment at

tlsr = 278 µs causes a significant increase in the electron density by one order of magnitude,

followed by the gradual increase in densities of helium metastable states, and positive ions

via Penning ionization. Moreover, the additional positive ions enhance the secondary

electron emission from the cathodic dielectric. The laser-induced disturbance in species

densities lasts until the breakdown condition is reached. Therefore, the enhanced pre-

ionization reduces the breakdown voltage, which results in an earlier breakdown onset and

less transported charge just as observed in the experiment. For laser pulses during the

breakdown, the number of electrons produced by the discharge itself clearly exceeds the

number of negative ions, wherefore the few detached electrons have no crucial influence on

the ionization kinetics. Thus, in agreement with the experiment, no effect is induced by

laser photodetachment of negative ions during the breakdown. In conclusion, the negative

ion formation at the negatively charged dielectric is necessary to explain the experiment.

So far, this elementary process has not been investigated in detail, but it has frequently

been under discussion in the scientific community dealing with low-pressure RF discharges.

Figure 5.6 depicts the parameter dependencies of the simulated laser-photodetachment

effect quantified by the time shift ∆t of the current pulse maximum and the difference in

transported charge per discharge area ∆σ in comparison with the experiment. In (a), the

temporal profiles of ∆t and ∆σ are plotted resulting from the variation of the moment tlsr
of the laser pulse during the discharge pre-phase, as indicated above by the gap voltage and

the discharge current density. With an efficiency γO− = γO−
3

= 5 × 10−4 of the negative

ion production at the negatively charged dielectric in (5.5) and (5.6), the maximum in ∆t

is similar comparing simulation and experiment, however, the maximum in ∆σ is still five

times lower in the simulation. The discrepancy in total transported charge in comparision

with the experiment probably results from the less effective electron-ion recombination

during the simulated discharge afterglow. Moreover, the laser-photodetachment effect in

the experiment starts to occur at about tlsr = 260 µs, which is about 10 µs earlier than for

the simulated effect, but it ends just before the breakdown onset both in experiment and

simulation.
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Fig. 5.6: Simulated parameter dependencies of the laser-photodetachment effect in compari-

son with the experiment: (a) time shift ∆t of the current pulse maximum and less transported

charge per discharge area ∆σ depending on the moment tlsr of the laser pulse for different effi-

ciencies γO− = γO−
3

of the negative ion production at the cathodic dielectric. (b) Dependence

of ∆σ on the laser pulse energy Elsr for different laser beam profiles in comparison with the

calculated laser-photodetachment yield for O− in equation (5.1). (c) Dependence of ∆σ on

the axial laser beam position zlsr for different laser beam profiles. Otherwise: zlsr = 1.5 mm,

box-shaped beam profile (s = 0.1 mm), Elsr = 100 mJ, γO− = γO−
3

= 10−4.

In figure 5.6(b), the simulated laser-photodetachment effect quantified by ∆σ is plotted

as a function of the laser pulse energy Elsr for different laser beam profiles. This is

compared with the experiment and the calculated laser-photodetachment yield ∆[e−]/[O−]

for the most abundant negative ion species O− according to equation (5.1). The earliest

saturation of ∆[e−]/[O−] is achieved by the simulation using the barely smoothed box

profile (s = 0.02 mm). This box profile approaches best a homogeneous distribution of the

laser radiation flux as assumed for the analytical calculations. However, the simulation

using the smoothed box profile (s = 0.1 mm) approaching a Gaussian shape results in a

gradual saturation of ∆σ at higher Elsr, which is in better agreement with the experiment.

Thus, the deviation of the actual laser beam profile from a homogeneous distribution

explains the discrepancy between the saturation behaviors of the measured effect and the

analytically calculated laser-photodetachment yield ∆[e−]/[O−].

In figure 5.6(c), both experiment and simulation reveal a maximum in ∆σ just in front of

the cathodic dielectric, since the change in ionization kinetics is largest when the electrons

are detached near the cathode. But, the maximum in ∆σ in front of the anodic dielectric

observed in the experiment is not reproduced by the simulation irrespective of the laser

beam profile. Most likely, considering a time-dependent efficiency γO−(t) = γO−
3

(t) of

the negative ion production at the cathodic dielectric due to the progressive depletion of

surface electrons might eliminate the mismatch between simulation and experiment.
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This thesis reports on dielectric barrier discharges operated in binary gas mixtures of

helium with nitrogen or oxygen. The focus is on the influence of surface charges and

negative ions on the pre-ionization, the breakdown mechanism, and the lateral discharge

structure. Important volume and surface processes were investigated by advanced diag-

nostics in combination with 0D analytical models and 1D fluid simulations.

From experimental point of view, improvements of the experimental setup and the

introduction of new diagnostic methods were demanded. Different electrical equivalent

circuits were developed for the calculation of the gap voltage, the discharge current, and

the transported charge. Their capability to describe also lateral discharge inhomogeneities

is demonstrated for the multiple current pulse regime of the diffuse discharge. Moreover,

optical diagnostics such as optical emission spectroscopy and ICCD camera imaging were

applied for the investigation of the discharge development in the volume, and for the iden-

tification of the breakdown mechanisms. Furthermore, the well-established surface charge

diagnostics via the electro-optic Pockels effect of a BSO crystal was extended to dielectrics

that are commonly used in barrier discharges. Therefore, the plane-parallel discharge con-

figuration was redesigned to enable surface charge measurements on borosilicate glass,

alumina, and magnesia. This allowed the investigation of the change in breakdown char-

acteristics by variation of the dielectric. As well, lateral discharge inhomogeneities could

be investigated also beyond the electrode boundaries.

For the first time, the combination of OES, ICCD camera imaging, and surface charge

diagnostics enabled the correlation of the discharge development in the volume with the

surface charge dynamics on the dielectrics for the multiple current pulse regime and a

single self-stabilized discharge filament. For both discharge modes, the spatio-temporally

resolved gap voltage was calculated based on the measured surface charge morphology and

an appropriate electrical equivalent circuit, which allowed for the first time to quantify the

surface memory effect. Finally, an opto-galvanic experiment was set up to investigate the

impact of additional seed electrons on the pre-ionization of the discharge. Both the laser

photodesorption of surface electrons from the dielectrics and the laser photodetachment

of negative ions in the volume cause, in particluar, a noticeably lower breakdown voltage.

By systematic variation of the laser parameters, the discharge mode transition induced by

released surface electrons was analyzed, and conclusions were made on the electronegativ-

ity during the discharge pre-phase, breakdown, and post-phase, respectively.

Global analytical models were developed to support and quantify the phenomenological

results obtained in the experiments. Firstly, a stepwise excitation scheme for weakly-bound

electrons at the interface between the dielectric surface and the discharge volume was set
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up in order to explain the retarded current peak induced by laser photodesorption of sur-

face electrons in a helium discharge. Secondly, the effective ionization coefficient in helium

with air impurities was calculated in order to estimate effective SEE coefficients for the

different dielectrics using Townsend’s criterion for the breakdown condition. Thirdly, the

laser-photodetachment yield, defined as the density ratio of detached electrons to negative

ions, was calculated to determine the contribution of O−, O−2 , and O−3 to the measured

laser-photodetachment effect in He/O2 discharges.

In addition, the laser photodesorption of surface electrons and the laser photodetach-

ment of negative ions were considered by fluid simulations. For the first time, the impact

of released surface electrons on the pre-ionization in helium discharges, and the influence of

negative ion formation on the electronegativity and the development of He/O2 discharges

were quantified and systematically studied in comparison with the experiment. The sim-

ulation revealed the dominant reaction kinetics and gave insights into the mechanisms

of the measured laser-induced effects. Therefore, an accurate adaption of the simulated

discharge to the discharge from experiment was required, since the investigated effects are

sensitive to the actual discharge characteristics.

Firstly, the focus was on the transition regimes between the common laterally diffuse

barrier discharges and the filamentary microdischarges. In particular, the multiple current

pulse regime of the diffuse discharge in helium with small admixtures of nitrogen or oxygen

was investigated in detail. It turned out that the volume memory effect by residual ions

and metastable species from the previous breakdown significantly favors the pre-ionization

of the subsequent breakdown. As a result, the first breakdowns are glow-like but the last

ones are Townsend-like comparing the current pulses within one half-cycle of the feeding

voltage. The consecutive breakdown events occur almost alternately at central and periph-

eral regions in correlation with the previously deposited surface charge morphology, which

is in agreement with radially resolved current measurements reported in the literature.

Moreover, the operation of a single self-stabilized discharge filament succeeded in the

plane-parallel electrode configuration over wide ranges of He/N2 mixture and pressure.

The well-localized Townsend pre-phase and cathode-directed ionizing front cause the cen-

tered formation of positive surface charges on the cathodic dielectric, leaving a ring of

residual surface electrons behind. Both the long-lasting optical emission and the spreading

of surface charge spots reveal radially propagating surface discharges during the afterglow.

There is no crucial volume memory effect by metastable species, but the surface mem-

ory effect is the key mechanism behind the self-stabilization of discharge filaments. The

gap voltage required for discharge breakdown is only reached at the center of a surface

charge spot, whereas the gap voltage at the surroundings is about 1 kV lower. Thereby,

the discharge filament re-ignites continuously at the same position. In turn, the increase

in feeding voltage by about 1 kV results in arbitrarily distributed microdischarges.

Besides the electrostatic memory effect of surfaces charges, the role of weakly-bound

surface electrons for the pre-ionization was emphasized for the discharge in helium. Ac-

cording to the laser-photodesorption experiment, the surface electrons adsorbed to a float

glass plate have a binding energy roughly in between 1 eV and 2 eV. Thus, they are much
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easier releasable than electrons from the valance band. The photodesorption of surface

electrons during the pre-phase significantly reduces the breakdown voltage. As shown by

fluid simulations of the discharge, even a small amount of released surface electrons signif-

icantly enhances the pre-ionization at otherwise low background electron density during

the discharge pre-phase. In agreement with the experiment, the breakdown voltage is re-

duced, the cathode-directed ionizing front is slowed down, and the amount of transported

charge during the breakdown is less. Finally, as the laser photodesorption of surface elec-

trons results in an artificial increase of the SEE yield, a transition from the initial glow

mode to the Townsend mode is induced when a large amount of surface electrons was

released. These results underline the importance of weakly-bound surface electrons as an

effective seed electron reservoir allowing the formation of the diffuse discharge in helium.

Besides, this experiment demonstrates the capability for effective manipulation of barrier

discharges by the interaction of laser photons with the charged dielectric surfaces.

The change in discharge development caused by the variation of the dielectric was stud-

ied for borosilicate glass, alumina, and magnesia. Both the binding energies of surface

electrons and intrinsic electrons, and thus the effective SEE yield, depend on the spe-

cific material. It turned out that only the variation of the cathodic dielectric, which is

charged with surface electrons during the discharge pre-phase, causes remarkable changes

in breakdown voltage and transported charge. The usage of magnesia results in the lowest

breakdown voltage, which corresponds to the largest SEE yield. The lowest SEE yield is

found for borosilicate glass. The usage of alumina results in the largest amount of trans-

ported and deposited charge, which is assigned to its largest permittivity compared to the

other dielectrics studied. Beyond these qualitative statements, effective SEE coefficients

between 0.04 and 0.4 were estimated by Townsend’s criterion and the corresponding ana-

lytical model. Note that the simulation of the discharge reveals the SEE by ion impact to

be the dominant SEE process during the breakdown, which might define the phenomeno-

logical coefficients derived from the experiment.

The investigations on the He/O2 discharge revealed that the laser photodetachment of

negative ions during the pre-phase results in a small but systematic reduction of the break-

down voltage. However, firing the laser during the breakdown and the post-phase causes

no measurable effects at all. In conclusion, the additional electrons detached from nega-

tive ions support the pre-ionization, which indicates a large electronegativity only during

the pre-phase. The saturation behavior of the laser-photodetachment effect is in good

agreement with analytical calculations of the laser-photodetachment yield as a function

of the laser pulse energy. Moreover, the experimental determination of the relative con-

tribution of O−, O−2 and O−3 to the measured effect was possible by wavelength-selective

photodetachment cross sections. Here, it turned out that O−2 is of minor importance, and

a mixture of O− and O−3 is responsible for the measured effect.

The adapted simulation of the discharge could not reproduce the laser-photodetachment

effect from the experiment using common production and loss processes for negative ions

with rate coefficients stated in the literature. Under these conditions, the simulated nega-

tive ion densities are too low during the pre-phase. That is why the simulation considered
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both artificially increased attachment rates and the formation of negative ions at the neg-

atively charged dielectric. The assumption of 100 times larger attachment rates results

in a strongly electronegative system at all times. Thus, a significant effect occurs also

during the breakdown and the post-phase, which was never observed in the experiment.

However, implementing the formation of O− and O−3 by oxygen atoms and ozone at the

negatively charged dielectric results in a large electronegativity and thus a large effect only

during the pre-phase of the simulated discharge. This is in agreement with the experi-

ment, wherein O− and O−3 were found to be the most abundant species too. In conclusion,

the negative ion formation at the negatively charged dielectric allows the simulation to

reproduce the experiment, but this process has not yet been considered in simulations of

barrier discharges in electronegative systems.

In spite of the achievements within the framework of the present thesis, there are still a

lot of open questions and challenges in this field of research. Nowadays, the fundamental

issue of the barrier discharge remains the understanding of the complex interaction be-

tween the discharge species and a charged dielectric surface from a microscopic point of

view. Therefore, experiment, simulation and theory must be applied under comparable

conditions to gain a comprehensive description of the underlying physics.

In the context of the presented results, the investigation of surface electrons and their

contribution to the pre-ionization should be extended. For instance, based on the proposed

laser-photodesorption experiment, tunable laser photon energies will allow the determi-

nation of the binding energy of surface electrons for different commonly used dielectrics.

Here, the absolute measurement of the surface electron density by means of the electro-

optic Pockels effect of the BSO crystal could serve as a promising tool to quantify the

photodesorption probabilities. For this purpose, the spatio-temporal profile of the laser

photons interacting with the dielectric surface should be clearly defined.

Moreover, it is recommended that the experimental determination of SEE coefficients

using barrier discharges is done under operating conditions for which a single SEE process

plays the dominant role. Especially, this may depend on the specific gas system, which

could be checked beforehand by simulations. By this, and contrary to phenomenological

(effective) SEE coefficients, a comparison with theoretical models will be possible. Using

Townsend’s criterion to estimate SEE coefficients demands the knowledge of the effective

ionization coefficient. The latter could be determined from the optical emission during

the Townsend pre-phase rather than by analytical calculations.

Last but not least, future investigations should address the relevance of the negative

ion formation for the transition from the diffuse discharge to the filamentary discharge

in electronegative systems. In particular, this will require the operation of self-stabilized

discharge filaments and, at least, a 2D simulation. The latter should be once more im-

proved by considering a time-dependent negative ion formation at the negatively charged

dielectric, preferably according to the measured surface electron dynamics. This would

be more realistic due to the ongoing depletion of the surface electron population until the

breakdown, and it might eliminate still present deviations from the experiment.
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Abstract
As a logical extension to previous investigations of the barrier discharge (BD) in helium and
nitrogen, the present work reports on the operation in any mixtures of both pure gases. Using a
well-established plane-parallel discharge cell configuration allows to study the influence of the
He/N2 mixing ratio on the formation of different discharge modes. Their characterization was
made by measuring the discharge emission development together with the formation and decay
of surface charges on a bismuth silicon oxide (Bi12SiO20, BSO) crystal. This was realized by the
simultaneous application of the spatio-temporally resolved optical emission spectroscopy, and
the electro-optic Pockels effect in combination with a CCD high speed camera. The existence
diagram for diffuse and filamentary BDs was determined by varying the amplitude and shape of
the applied voltage. Over the entire range of the He/N2 ratio, the diffuse mode can be operated
at moderate voltage amplitudes whereas filamentation occurs at significant overvoltage and is
favoured by a high voltage slew rate. Irrespective of the discharge mode, the overall charge
transfer during a discharge breakdown is found to be in excellent agreement with the amount of
accumulated surface charges. An exponential decay of the surface charge deposited on the BSO
crystal is induced by LED illumination beyond a typical discharge cycle. During the decay
process, a broadening of the radial profiles of positive as well as negative surface charge spots
originating from previous microdischarges is observed. The investigations contribute to a better
understanding of the charge accumulation at a dielectric.

Keywords: dielectric barrier discharge, discharge development, surface charge accumulation,
surface charge decay, spectroscopic measurement, helium/nitrogen mixtures, plasma–wall
interaction

(Some figures may appear in colour only in the online journal)

1. Introduction

Atmospheric-pressure barrier discharges (BDs) provide a
comparatively easy possibility to generate non-thermal
plasmas at elevated pressure serving as an effective source
of radicals and excited species. Hence, BDs became
indispensable in numerous industrial applications, such as
ozone synthesis, surface treatment, and recently also in

life science [1–5]. This economic importance as well as
the specific discharge properties (e.g. non-stationary, short
breakdown duration, statistical behaviour) motivates the study
of the breakdown phenomena which is a challenge to plasma
diagnostics.

It is well known that BDs can be operated as microdis-
charges (MDs) appearing as thin filaments, or in laterally
diffuse modes, namely the so-called atmospheric-pressure

0022-3727/14/365204+13$33.00 1 © 2014 IOP Publishing Ltd Printed in the UK
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Townsend-like discharge (APTD) and the atmospheric-
pressure glow-like discharge (APGD). Both from a practical
as well as from a fundamental point of view, the knowledge
of the formation criteria for these different discharge modes is
crucial.
Their appearance can be manipulated by the discharge cell
configuration (e.g. gas gap spacing, properties of dielectrics)
and various operating conditions (e.g. pressure, flow, and com-
position of the working gas, amplitude, frequency, and shape
of the applied voltage) [6–9]. The present work is focused
on the formation and development of different BD modes by
varying systematically the gas mixture composed of helium
and nitrogen as well as the amplitude and the shape of the ap-
plied voltage. Filamentary and diffuse BDs were characterized
by electrical, spectroscopic and surface charge measurements.
The experiments were performed over the entire range of the
He/N2 mixing ratio in continuation to previous investigations
on the BD operation in pure helium and pure nitrogen [10, 11].

As the default case, MDs has been observed in air, but
also in pure nitrogen, and some others [12–16]. At elevated
pressures, the rapid gas ionization can bring forth a significant
build-up of space charges near the anode. This is followed
by the propagation of a cathode-directed ionizing wave as the
origin of MD formation [17, 18]. The spatially fixed re-ignition
of an individual MD in up to ten subsequent operating periods
is favoured by the localized surface charge accumulation
(memory effect) [10].

An APGD is typically observed in rare gases like helium
and neon. This discharge mode is ascribable to a relatively high
gas ionization at a comparatively low electric field [7, 19, 20].
A crucial role is assigned to the metastable states of noble
gases by inducing a variety of multistage elementary processes
[7, 21, 22]. It turned out that the development of a cathode fall
region during the discharge breakdown defines the essential
element of an APGD [15, 23–25].

An APTD results from the Townsend breakdown if the
ratio of secondary electron emission at the cathode to the
ionization in the discharge volume is sufficiently high [13, 20].
It is typically formed in nitrogen. Primarily, this is due
to the presence of metastable N2(A

3�+
u ) molecules which

provide enough energy to enhance secondary electron emission
[26, 27]. The APTD is characterized by an exponential
increase in the electron density towards the anode and a low
space charge production [21].

The existence ranges of filamentary and diffuse BDs
are barely investigated in gas mixtures of helium and
nitrogen. By varying the He/N2 mixing ratio, the electron
energy distribution, electron multiplication and quenching
of metastable species changes effectively and should cause
discharge mode transitions.

Moreover, uniform surface charge deposition and
secondary emission of trapped or intrinsic electrons from
the dielectrics are assigned to be crucial to the homogeneity
of BDs [28–30]. But up to now, the mechanisms of
charge accumulation and charge release are poorly understood.
Although there are theoretical efforts to describe these surface
processes based on a micro-physical model [26, 31], any
experimental results under comparable conditions are still

m
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Figure 1. Side-view of the discharge cell.

missing. Hence, as a further new aspect the decay of surface
charges on a dielectric bismuth silicon oxide (Bi12SiO20,
BSO) crystal was investigated. Based on this experiment, an
interpretation of the physical nature of surface charges will be
given.

The outline of the presented work is as follows. In
section 2, the experimental set-up and the diagnostic methods
will be briefly reviewed. In section 3, the results will be
presented and discussed concerning the characterization of
different discharge modes operated in helium, nitrogen and
any binary mixtures.

2. Experimental set-up and diagnostics

2.1. Discharge cell

Figure 1 shows a detailed sketch of the axially symmetric
discharge cell. An arrangement of two plane parallel electrodes
each covered by a different dielectric material is used.

The lower dielectric electrode consists of a grounded
aluminum block with an polished mirror on its top side which
is covered by an undoped electro-optic BSO crystal. The
upper electrode is connected with a high voltage generator
driving the discharge. It is made of glass which is coated on
its top side with a thin layer of electrically conductive and
optically transparent indium tin dioxide (ITO, sheet resistance
< 20 �/sq.). This combination allows both the discharge
operation as well as the determination of surface charges on
the BSO crystal by illumination from top. Insulation plates
made of PEEK and PMMA guarantee a fixed gas gap spacing,
g = 1 mm, between both dielectrics. Moreover, two orifices
enable a constant gas flow entering in between the discharge
gap, and the investigation of the discharge emission.
Before the experiment starts, the vacuum chamber which
contains the discharge cell is pumped to a base pressure below
10−5 mbar to reduce the amount of impurities. Afterwards,
it is filled with well-defined mixtures of helium with nitrogen
(respective cleanness >99.999%) up to the operating pressure
of 300–500 mbar. Both pure gases are mixed by a multi-gas
controller (MKS 647c) via gas flow rates up to F = 100 sccm.

The entire diagnostic set-up is illustrated in figure 2. It
enables the joint application of (i) electrical measurements
of the applied voltage, discharge current and transferred
charge, (ii) the optical emission spectroscopy (OES) disclosing
the spatio-temporal development of the discharge emission,
and (iii) surface charge measurements at one discharge
cell configuration under identical and well-defined operating
conditions.
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2.2. Electrical measurements

A function generator (SRS DS345) provides both sine wave
as well as square wave voltage waveforms (f = 2 kHz)
connected with a high voltage power supply (Trek 615-10,
amplification 1:1000) for the purpose of the discharge
operation (see figure 2). The applied voltage Uext(t),
the total discharge current Itot(t) and the charge transfer
Q(t) are measured via a high voltage probe (1000 : 1), a
resistor (R = 100 �) and a capacitance (C = 1 nF) to ground,
respectively. The temporally resolved electrical signals are
recorded with a digital oscilloscope (Tektronix TDS3034B).

Beyond, using Q(U) plots (so-called Lissajous figures)
allows access to the transferred charge �Q during
the discharge breakdown, and the determination of the
capacitances Cd and Ctot of the dielectrics and the entire
discharge cell, respectively. The latter can be understood as the
series connection of Cd with the gas gap capacitance Cgap. The
internal quantities (within the gas gap) are representative of the
discharge operation and were recalculated from the measured
external quantities [33]:

Inet(t) = (1 − Ctot/Cd)
−1

(
Itot(t) − Ctot

dUext(t)

dt

)
, (1)

Ugap(t) = (1 − Ctot/Cd)

(
Uext(t) − 1

Cd

∫ t

0
Inet(τ )dτ

)
+ U0,

(2)

where Inet(t) denotes the plasma-induced net current, Ugap(t)

is the voltage drop across the gas gap, and U0 = U(t = 0)

takes into account the surface charges deposited during the
previous half-period of the applied voltage.

2.3. Spectroscopic measurements

The emission development during the operation of diffuse BDs
is investigated by the spectrally as well as spatio-temporally
resolved OES (see figure 2). This sensitive diagnostic is
based on the time-correlated counting of single photons [12].
First, the emission is focused via 1 : −1 imaging by an
axially movable optical system (two lenses, one slit) onto a
monochromator (MC: Horiba, Triax 320). This arrangement
allows to scan the gas gap with a spatial resolution up to
0.01 mm and a maximum spectral resolution of 0.1 nm.

Single photons are detected by a high-gain photomultiplier
(PM: Becker & Hickl PMH-100) at the exit of the
monochromator. Then, the electrical signal of the PM is
processed by a time-correlated single photon counting (TC-
SPC: Becker & Hickl SPC-530) module. The TC-SPC module
is synchronized with the phase of the feeding voltage by using
a pulse pattern generator (PPG: Becker & Hickl PPG-100)
which is connected with the power supply responsible for
the discharge operation. Thereby, the development of the
discharge emission is scanned with a temporal resolution up
to 0.1 µs. At a fixed phase position, the photon counting is
initialized by electrically triggering the TC-SPC with a second
function generator (FG: SRS DS345). In addition, the set-up
enables the record of temporally integrated emission spectra
by accumulation of the emission signal (10 s integration time
per 0.1 nm wavelength interval) at a fixed gas gap position, too.

2.4. Surface charge measurements

The measurement of surface charges is based on the electro-
optic Pockels effect, as successfully applied in [10, 29, 32].
The diagnostic requires a (LED) light beam (λ = 634 nm,
I = 0.2 mW cm−2) entering the discharge volume and passing
the electro-optic BSO crystal (see figure 2). The power density
I was selected in such a way (i) to ensure a high measurement
accuracy by a sufficient signal-to-noise ratio and (ii) to
avoid significant interference with the discharge by the light
interacting with both the plasma and the electrodes. The latter
precondition was experimentally examined by comparing the
discharge operation with and without LED illumination.

The entire surface of the BSO crystal is illuminated
homogeneously by using a Koehler illumination system (two
lenses and two apertures) and an expanding telescopic system.
In between the optical path, a polarizing beam splitter
guides the LED light towards the discharge cell where a
polished aluminum mirror enables its reflection necessary for
measurements from top.

Following this path, the initial light becomes linearly
polarized by the polarization filter 1, and then traverses both

3
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Figure 3. Scheme of triggering and recording the surface charge
decay: synchronization of the camera with the shutter and the high
voltage supply.

the λ/8 wave plate as well as the birefringent BSO crystal
twice. This leads to an accordant elliptical polarization and an
additional electro-optic ellipticity change. The latter depends
on the voltage drop UBSO = Ur

BSO + Uσ across the BSO crystal
caused by the applied voltage (Ur

BSO) and deposited surface
charges (Uσ ).

Afterwards, the reflected light passes the beam splitter
again. The following system consists of a focusing lens, the
linear polarization filter 2 and a coloured filter (transparency
for λ = 620–640 nm). Thereby, the light emission which
originates from the discharge is filtered out, but the reflected
LED light is transmitted and detected via a CCD high speed
camera (Miro 4ex, exposure time 10 µs).

Finally, the spatially resolved surface charge density
σ(x, y) is recalculated by the ratio of the intensity distribution
I (Ur

BSO + Uσ ) of an image with accumulated surface charges
to a reference intensity Iref(U

r
BSO) without any surface

charges [10]:

σ(x, y) = ε0εBSO

aBSO

(
I (Ur

BSO + Uσ )

Iref(U
r
BSO)

− 1

) (
Ur

BSO +
1

2k

)
,

(3)

where 2k = 4π/λn3
0r41 is the slope from the linear dependence

Iref(U
r
BSO), λ = 634 nm is the wavelength of the LED light,

ε0 is the vacuum dielectric constant, and finally εBSO = 56,
n0 = 2.54, and r41 = 4 pmV−1 are the dielectric constant, the
refraction index, and the Pockels coefficient of the BSO crystal,
respectively.

Temporally resolved measurements of the surface charge
density are realized by synchronizing the CCD camera with
the phase of the feeding voltage [10]. One focus of the present
work is the investigation of the surface charge decay on a time
scale which exceeds the typical discharge cycle. Therefore, the
discharge was turned off time-defined so that either positive
or negative surface charges has been accumulated at the
BSO crystal. Figure 3 shows the triggering scheme of the
experiment.

First, the reference intensity Iref(U
r
BSO = 0) is measured.

Then, the function generator (FG1) is set to the so-called
burst operation which means that the BD is powered over
30 000 discharge cycles before setting the applied voltage
to zero after the voltage zero-crossing of a selectable half-
period. The temporally resolved signals of the feeding voltage,
the discharge net current and the camera exposure time are
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Figure 4. Sketch of the time-defined switching off the discharge:
electrical behaviour and timing of camera exposure over four
consecutive operating cycles.

schematically shown in figure 4. Here, the case of turning off
after the accumulation of positive surface charges is shown.

The phase-defined turning off the discharge is controlled
by a PC which triggers a second function generator (FG2)
managing the CCD camera, and a controlling unit handling
an electro-mechanical shutter (PRONTOR magnetic 0). The
latter was installed to realize pulsed illumination of the BSO
crystal, too. In this way, the influence of the illumination
(continuous or pulsed) on the decay of surface charges can be
studied based on photo-induced mechanisms within the BSO
crystal [34]. Using pulsed illumination, the light pulse time and
the light pulse repetition rate are set by the fixed opening time
(15 ms) and the mutable opening frequency (fLED > 1 Hz) of
the shutter, respectively.

3. Experimental results and discussion

3.1. BD operation in He/N2 mixtures

The BD operation was investigated in gas mixtures of helium
with nitrogen striving for completion of previous results in both
pure gases [10, 11]. Under the operating conditions studied
(gas gap distance g = 1 mm, working frequency f = 2 kHz),
the generation of the diffuse BD (APTD and APGD) and the
filamentary BD succeeded, as can be seen in figure 5.

The existence diagrams of the discharge modes are shown
for systematic variation of both the He/N2 mixing ratio over
its entire range as well as the amplitude Ûext of the sine
wave (figure 5(a)) or square wave feeding voltage (figure
5(b)). The respective voltage drop Ûgap across the gas gap
was recalculated from equation (2). The burning voltage was
defined as the lowest voltage amplitude across the gas gap
which allows to sustain the discharge. It was determined after a
sufficient time of operation leading to ongoing stable discharge
properties.

In figure 6, the individual discharge modes noted in
figure 5 are characterized by the accordant temporal profile
of the discharge net current and photographs of their spatial
appearance. Starting with the APTD, it is typically formed in
pure nitrogen (figure 6(a)).

But, when applying a sine wave feeding voltage (see
figure 5(a)) the planar electrode configuration allows the
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comparing (a) sine wave and (b) square wave voltage shape,
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generation of the APTD for each of the He/N2 mixing ratio,
too. This diffuse discharge mode occurs at a relatively close
voltage range just above the respective burning voltage. In pure
helium the APTD is only observed in a sufficiently small gas
gap in agreement with former results [10, 11]. For moderate
power inputs, it is assumed that the gap distance of 1 mm is too
small for the development of a cathode fall region. The latter
is characteristic for the APGD in helium, mainly observed in
gaps of 2–5 mm [19, 21, 24].

The electrical behaviour of the APTD differs when varying
the He/N2 mixing ratio. In figure 7, the feeding voltage Uext(t),
gap voltage Ugap(t), and net current Inet(t) are shown over
a half operating period in pure nitrogen (figure 7(a)), the
binary mixture He/N2 (1 : 1) (figure 7(b)), and pure helium
(figures 7(c) and 7(d)). The net current duration of the APTD
in pure nitrogen is about 100 µs (figure 7(a)) and decreases
with the helium admixture (figure 7(b)) down to 20 µs in
pure helium (figure 7(c)). In each case, the net current
amplitude is of the order of 0.1 mA related to the electrode area
of 1.77 cm2.
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Figure 6. Net current Inet(t) and photographs (commercial camera,
exposure time 100 ms) typical of: (a) APTD in pure N2, (b) APGD
in pure He, (c) coexistence of diffuse and filamentary mode in
He/N2 (1 : 1), (d) randomly distributed MDs in pure N2 and
(e) spatially static filaments in He/N2 (3 : 1).

The discharge breakdown in pure nitrogen and in He/N2

(1 : 1) starts early related to the phase of the feeding voltage
(figures 7(a) and (b)). This is due to a large amount of surface
charges accumulated during the previous half-period of the
applied voltage. In the subsequent half-period, these surface
charges favour the discharge re-ignition. From the beginning
of the discharge breakdown, the decrease of the electric field
across the gas gap caused by currently accumulating charges
is compensated by an increase of the feeding voltage Uext(t).
The latter continues to rise for several tens of microseconds
up to its maximum. This compensation can be seen from the
almost constant value of the gap voltage Ugap(t) during the
breakdown.

In contrast, the discharge ignition in pure helium
initiates just before the feeding voltage reaches its maximum
(figure 7(c)). This is due to a comparatively small amount of
surface charges accumulated during the previous half-period.
So from the beginning of the discharge breakdown, the feeding
voltage Uext(t) rises poorly. The currently accumulating
charge is high enough to cause a decrease of the gap voltage
Ugap(t) during the discharge which limits the duration of the
net current pulse.

Hence, operating the APTD in pure helium at a higher
amplitude of the feeding voltage allows the occurrence of
several successive Townsend-like breakdowns per half-period
(figure 7(d)). The multi current peaks are fixed to the phase of
the feeding voltage and were identified as current oscillations
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[24]. This discharge mode is observed for small admixtures
� 10 vol.% of nitrogen to helium, too.

All in all, the higher the nitrogen admixture to helium
the higher is the transferred charge during the discharge
breakdown, defined as �Q. This is confirmed by the accordant
steep slope (�QLiss) in figure 8(a). Here, the Lissajous figures
are presented for the sine wave driven APTD comparing the
different working gases (i) pure nitrogen, (ii) pure helium and
(iii) the binary mixture He/N2 (1 : 1).

Considering the working frequency f and the area
A enclosed by the respective Q(U) diagram allows the
calculation of the averaged power input per cycle, P = f · A.
The dissipated power in pure nitrogen is P = 108 mW. This
is more than a hundred times larger than in pure helium
(P = 0.75 mW) due to the greater area A caused by both a
higher amount of transferred charges �QLiss as well as a higher
voltage amplitude Ûext necessary for the discharge operation
in pure nitrogen.

For a nitrogen admixture higher than 10 vol%, an increase
of the external voltage amplitude results in the coexistence of
the diffuse APTD and the filamentary mode (see figures 5(a)
and 6(c)). The so-called hybrid mode is generated in the
positive half-period of the applied voltage whereas in the
negative half-period only the diffuse mode is observed.

This is due to the asymmetric discharge cell configuration.
Different secondary electron emission coefficients (γe) of glass
and BSO lead to different discharge conditions in both half-
cycles [35]. The hybrid mode occurs in the positive half-period
(BSO as cathode) which suggests that BSO has a smaller γe

coefficient than glass. It is assumed that the plasma electrons
are trapped in additional band gap states (induced by impurities
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Figure 8. Lissajous figures: (a) sine wave feeding voltage driven
APTD comparing the operation in pure nitrogen (Ûext = 3.5 kV),
pure helium (Ûext = 0.4 kV) and the binary mixture He/N2 (1 : 1)
(Ûext = 2.3 kV) and (b) operation in pure helium (Ûext = 0.4 kV)
comparing sine wave and square wave voltage shape.

and lattice defects) and even in deep energy levels of Bi12SiO20

made up by BiO7 complex ions bound to cation vacancies [34].
Hence, these electrons are harder to release than from shallow
traps at the interface to the plasma [30, 36].

Over the entire range of the He/N2 ratio, overvoltage
leads to the formation of individual MDs distributed randomly
in space and time, as can be seen in figure 6(d). The
relative difference between the burning voltage and the
overvoltage necessary for filamentation increases slightly with
the percentage of helium in the gas mixture. This is due
to a stronger dependence between the effective ionization
coefficient and the reduced electric field strength when
operating in nitrogen compared to helium. Typical values for
the net current amplitude and pulse duration of a single filament
are about 1–2 mA and up to several hundreds of nanoseconds,
respectively.

The change from sine wave to square wave feeding voltage
shape results in a significantly higher voltage slew rate (up to
dUext/dt = 250 V µs−1). As illustrated in figure 8(b) for the
operation in pure helium, applying the square wave feeding
voltage causes a three times higher power input P = 2.5 mW
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compared with the sine wave operation (P = 0.9 mW) at the
same voltage amplitude (Ûext = 0.4 kV). Due to the higher
ionization rate, the square wave feeding voltage allows the
formation of the APGD in pure helium despite the small gas gap
distance of 1 mm (see figure 6(b)), as already shown in [11].
However, for nitrogen admixtures > 4 vol% to helium, the
square wave operation changes to the filamentary mode (see
figure 5(b)). Molecular nitrogen causes effective quenching
of metastable helium atoms and excimers [37]. The latter
two induce a variety of multistage processes (Penning and
chemo ionization, secondary electron emission) essential for
the generation of the diffuse BD in helium.

Due to the higher power input, the square wave feeding
voltage induces the immediate ignition of MDs almost
irrespective of the working gas mixture, as shown in figure 5(b).
Reducing the voltage amplitude to a value just above the
respective burning voltage enables the formation of statical
filament structures, as can be seen in figure 6(e). As already
known, individual MDs show variances in the amount of
locally accumulated surface charges which favour more or less
their repetitive re-ignition [29]. At critically low gap voltage
amplitudes only a few MDs are preserved. As a limiting case
(Ûgap approaches the burning voltage), even single filaments
could be generated. Figure 6(e) shows that the remaining
filaments ignite simultaneously necessary to interact with each
other, and typically form hexagonal pattern [7, 29].

3.2. Spectroscopic measurements

The formation of the filamentary or diffuse BD depends
on the presence of different plasma species (e.g. electrons,
metastables) which induce fast direct and comparably slow
multistage ionization processes, respectively, as well as the
excitation of radiative states. So, the investigation of the
discharge emission allows to draw conclusions on important
elementary processes which influence the BD formation in
systematically varied He/N2 mixtures. The overview spectra of

the discharge emission are presented in figure 9 comparing the
operation in pure nitrogen (figure 9(a)), the binary gas mixture
He/N2 (1 : 1) (figure 9(b)), and pure helium (figure 9(c)), in
each case for sine wave and square wave feeding voltage
shape.

The spectra were recorded 0.1 mm in front of the glass
electrode acting as (i) the anode in the positive half-period and
as (ii) the cathode in the negative half-period of the applied
voltage. At this position, the maximum time-integrated (10 s
per 0.1 nm) emission intensity was detected. In the wavelength
range λ = 200−800 nm, the spectra show emission lines
and bands originating from the working gas mixture He/N2

and from always present gas impurities (oxygen, and water
vapour). Mainly, the second positive system (SPS) as well as
the first negative system (FNS) of nitrogen, the NOγ system
and some He I lines have been observed. Beyond, the OH(A)
band, an emission line of the hydrogen Balmer series and the
oxygen triplet line (35P → 35S, 777 nm) were identified.

Increasing the voltage slew rate dUext/dt by the change
from sine wave to square wave voltage shape (at constant
voltage amplitude) effects a higher power input. The result
is an increase of the emission intensity. The spectra for
pure nitrogen (figure 9(a)) and He/N2 (1 : 1) (figure 9(b)) are
dominated by the SPS of nitrogen and the NOγ system. The
NOγ emission follows the density profile of the metastable
molecules N2(A

3�+
u ) [38]:

NO(X 2
)ν + N2(A
3�+

u )ν ′ → NO(A 2�+)ν ′′ + N2, (4)

NO(A 2�+)ν ′′=0 → NO(X 2
)ν ′′′=3 + hν (NOγ 259.6 nm),

(5)

where ν denotes the vibrational quantum number. Equation (5)
represents the most intensive transition (ν ′ = 0 → ν ′′ = 3) of
the NOγ system. However, the band emission of the SPS
(maximum intensity for ν ′ = 0 → ν ′′ = 0) results from the
de-excitation of the radiative state N2(C

3
u) predominantly
generated by inelastic collisions between electrons and
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nitrogen in the ground state:

N2(X
1�+

g )ν + e → N2(C
3
u)ν ′ + e, (6)

N2(C
3
u)ν ′=0 → N2(B

3
g)ν ′′=0 + hν (SPS 337.1 nm).

(7)

But, in absence of significant oxygen impurities as an effective
quencher of metastable nitrogen molecules N2(A

3�+
u ) the

state N2(C
3
u) is also populated via the pooling reaction [38]:

N2(A
3�+

u )ν + N2(A
3�+

u )ν ′ → N2(C
3
u)ν ′′ + N2, (8)

N2(C
3
u)ν ′′=0 → N2(B

3
g)ν ′′′=0 + hν (SPS 337.1 nm).

(9)

The important role of the metastable species N2(A) for
the diffuse BD in nitrogen is due to an effective slow-
down of the gas ionization by γ processes at the cathode
[26, 27]. In contrast, the formation of MDs is favoured by
a comparably high ionization rate dominated by fast electron-
induced processes.

The overview spectrum measured in pure helium
(figure 9(c)) is dominated by the FNS of nitrogen and some
He I lines. Figure 10 shows the development of the FNS
emission (ν ′ = 0 → ν ′′ = 0) across the gas gap comparing the
APTD in pure nitrogen (figure 10(a)) and the APGD in pure
helium (figure 10(b)). As characteristic for the APTD, the
maximum emission (white dashed line) is located in front of
the anode. This is due to an exponential increase of the electron
density towards the anode at a nearly constant electric field
strength across the gas gap. However, the global maximum
of the emission originating from the APGD is observed near
the cathode. This is ascribable to a high electric field gradient
defining the typical cathode fall region.

Moreover, depicting the normalized development of the
discharge emission at its maximum position (white dashed
line) as well as the normalized discharge net current reveals
information on the dominant excitation channel of the FNS
(see figure 10). As can be seen in figure 10(a), both the rising
slope and the maximum of the emission profile coincide with
the net current. So, in pure nitrogen the FNS is descended from
the radiative state N2

+(B 2�+
u ) mainly populated by electron

impact excitation:

N2(X
1�+

g )ν + e → N2
+(B 2�+

u )ν ′ + 2e, (10)

N2
+(B 2�+

u )ν ′=0 → N2
+(X 2�+

g )ν ′′=0 + hν (FNS 391.4 nm).

(11)

Due to the high excitation energy E = 18.7 eV, the measured
FNS (0-0) intensity is barely above the ground level
considering the spectra in figures 9(a) and (b).

In contrast, operating the discharge in pure helium
(nitrogen as impurity) the FNS emission profile is delayed by
about 2.5 µs with respect to the net current (see figure 10(b)).
This delay results from the dominant population of the
state N+

2(B) via ionization of N2(X) by metastable helium
species [39]:

N2(X
1�+

g )ν + Hem → N2
+(B 2�+

u )ν ′ + e + He, (12)

N2
+(B 2�+

u )ν ′=0 → N2
+(X 2�+

g )ν ′′=0 + hν (FNS 391.4 nm).

(13)
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Figure 10. Spatio-temporally resolved emission of N+
2 FNS

(391.4 nm) for: (a) the APTD in pure nitrogen (resolution: temporal
1.5 µs, spatial 0.05mm) and (b) the APGD in pure helium
(resolution: temporal 0.1 µs, spatial 0.05 mm). The electrode
positions and the axial position of the emission maximum are
marked by white solid lines and a white dashed line, respectively.
Note that the emission intensity is also detected beyond the
electrode boundaries but this is due to light refraction at the
transparent dielectric layers. Above, the emission evolution at
maximum position and the discharge current are temporally
correlated and normalized to their maximum.

Here, Hem includes the metastable species He(21S), He(23S),
and He2(23�) which provide the energy necessary for a
resonant excitation via the so-called Penning ionization [37].
According to a numerical simulation of the APGD in helium,
the maximum contribution of the Penning ionization to the
overall gas ionization is delayed a few microseconds compared
to the net current [21]. So, in helium the FNS of nitrogen
impurities serves as an indicator of the metastable species
Hem, especially at low power inputs which allow to operate
a diffuse BD.

However, the most intensive He I line in figure 9(c)
originates from inelastic electron collisions with helium in the
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ground state:

He(11S) + e → He(33S) + e, (14)

He(33S) → He(23P) + hν (706.5 nm). (15)

The measured intensities of the He I line at λ = 706.5 nm and
the FNS (0–0) emission are comparable in the overview spectra
9(c). In the presence of nitrogen impurities, the metastable
helium species can significantly contribute to the development
of a diffuse BD by inducing a variety of slow multistage
processes and enhancing secondary electron emission at the
dielectric-covered cathode.

3.3. Surface charge measurements

3.3.1. Formation of surface charges. Temporally resolved
surface charge measurements were already done in pure helium
and pure nitrogen [10, 11]. The present work reports on
He/N2 mixtures. Operating a diffuse BD, the amount of
homogeneously distributed surface charges, Q = σ · A, was
recalculated from the surface charge density σ in equation (3)
taking into account the electrode area A = 1.77 cm2.

In figure 11(a), the discharge net current, the temporally
integrated net current and the corresponding phase-resolved
surface charge accumulation are shown for the APTD
operated in He/N2 (1 : 1). During the discharge breakdown,
the transferred charge accumulates on the dielectric-coated
electrodes. Consequently, the respective dielectric is charged
with a periodically changing sign according to the net current
polarity. In between the breakdowns, the amount of surface
charges (Q+ in the positive half-period, and Q− in the negative
half-period) remains constant.

Figure 11(b) shows the overall charge transfer �Q =
Q+ − Q−, comparing the APTD operation in pure helium
and pure nitrogen, as well as in selected binary mixtures.
In particular, �Q means the transferred charge when
(i) analysing the steep slope of the accordant Q(U) plot in
figure 8(a) or (ii) integrating the net current in equation (1).
However, �Q corresponds to the accordant amount of surface
charges using (iii) the electro-optic Pockels effect.

The comparison of the overall charge transfer from the
measurement and the calculation related to the three methods
(i)–(iii) reveals an excellent agreement. All generated charge
carriers which contribute to the discharge net current are
actually accumulated on the dielectrics.

Under the conditions studied, the charge transfer
�Q ≈ 13 nC in pure nitrogen is more than ten times higher
than in pure helium (�Q ≈ 0.7 nC) which agrees with former
results [10, 11]. As already mentioned, this difference is
justified by a significantly longer net current duration in
nitrogen compared to helium (see figure 7). So, the higher the
nitrogen admixture to helium the higher is the accumulated
surface charge. The increase of �Q is approximately linear.
This is similar to the trend of the He/N2 ratio-depending
burning voltage necessary for the operation of the APTD (see
figure 5(a)).

In figure 12, the filamentary mode operated in the binary
gas mixture He/N2 (3 : 1) is characterized by the discharge net
current (figure 12(a)), the spatial distribution of the surface
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Figure 11. Surface charge accumulation during APTD operation:
(a) phase-resolved net current, temporally integrated net current,
and formation of surface charges over one period of the applied
voltage operating in He/N2 (1 : 1), and (b) overall charge transfer
�Q varying the He/N2 ratio. All measurements were performed just
above the respective burning voltage (see figure 5(a)).

charge density (figure 12(b)), and a schematic illustration of
the 3D profiles of single charge density spots (figure 12(c)). As
can be seen in figure 12(a), generating only a few filaments just
above the respective burning voltage (Uext = 1.5 kV) leads to
their simultaneous re-ignition. This enables the interaction
between adjacent current channels so that they arrange in
hexagonal pattern [9, 29]. This spatial structure is sustained
by the localized surface charge accumulation (memory effect).

Related to the fixed phase positions (230 µs and 480 µs, no
discharge), the spatial distribution of the surface charge density
σ is shown in figure 12(b). The individual surface charge spots
mark the positions of previous filaments. The spots are situated
on a differing charge density offset comparing the positive
(left) and negative half-period (right). It is assumed that these
offsets are justified by a bias which is build up during the
discharge breakdown due to different γe coefficients of glass
and BSO [35].

Moreover, the separated filaments allow to figure out
the radial profiles of positive (left) and negative surface
charge spots (right), as schematically shown in figure 12(c).
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Figure 12. Non-uniform surface charge accumulation caused by
static filaments operated in He/N2 (3 : 1): (a) net current and camera
exposure, (b) spatial distribution of the surface charge density σ ,
and (c) Gaussian-distributed 3D profile of a single surface charge
spot comparing positive (left) and negative charge polarity (right),
respectively. Applied voltage amplitude Uext = 1.5 kV.

The charge density profiles are Gaussian-distributed. As
indicated, the full-width at half-maximum (FWHM) differ
for positive (FWHM+ = 0.9 mm) and negative charge density
spots (FWHM− = 1.6 mm), which is in agreement with results
in [10].

Most likely, the formation of positive surface charges
means the generation of defect electrons inside the dielectric
via recombination of plasma ions at the dielectric surface
[31]. However, negative surface charges are supposed to
be electrons. During the discharge breakdown, the initially
accumulated surface charges sidetrack the following charge
carriers of same polarity as they approach the dielectric surface.
The lateral extent of the surface charge spots of both polarities
depends on the differing charge carrier mobility considering
ions and electrons [10, 29].

In order to measure the surface charge distribution phase-
resolved, the timestamp of the camera exposure is shifted along
the operating period (T = 500 µs). When the accumulation
process is finished, the radial charge profiles in figure 12(c)
remain unchanged, so they do not widen until the following
breakdown occurs in the subsequent half-period. This result
demands a kind of surface charge capture due to the presence
of a trapping potential.

A one-dimensional model of the plasma-induced
modification of the effective potential in axial direction allows
access to the surface charge location along the interface
between the plasma and the dielectric, as well as inside
the dielectric [40]. The authors identified the material-
specific electron affinity χ to be the crucial parameter which

determines this axial location. Defect electrons declared
as positive surface charges are situated in the valence band
of the dielectric material. The plasma electrons get either
trapped in low-energy image potential states just in front of the
crystallographic material boundary (χ < 0, e.g. MgO, CaO) or
in the conduction band inside the dielectric (χ > 0, e.g. SiO2,
Al2O3) with subsequent energy relaxation by phonons.

According to our knowledge, the electron affinity of BSO
has not yet been determined. In figure 12(b), maximum
amounts of the charge density of 10 nC cm−2 to the respective
ground level has been observed. Assuming a two-dimensional
electron layer in front of the BSO surface (χ < 0), these
locally high charge carrier densities would cause a broadening
of the radial profiles due to Coulomb repulsion, perceptible on
the sub-millisecond scale. However, the observed stability of
the surface charge profiles confirms the assumption of a charge
trapping in deeper levels just inside the BSO crystal (χ > 0),
but not in shallow traps at the interface to the plasma.

3.3.2. Decay of surface charges. The lifetime of surface
charges was measured after turning off the discharge.
Figure 13(a) shows the decay of the positive surface charge
density over time after turning off the diffuse BD in pure
nitrogen. The large amount of accumulated surface charges
(see figure 11) is favourable for the measurement accuracy at
a fixed minimal uncertainty of 0.2 nC cm−2.

The abatement of the surface charge density can be
described by the superposition of two exponential decays with
different decay constants k1 and k2 [41]:

σ(x, y) = σ1(x, y) · exp (−k1 · t) + σ2(x, y) · exp (−k2 · t).

(16)

The decay process 1 (k1) is characterized by a significant
decrease in the surface charge density within the very first
seconds. Its physical cause is under discussion, though it is
suspected in the tunnelling process applying the model in [40].

However, the photo-induced decay process 2 (k2) proved
to be appropriate to discuss the axial location of positive as
well as negative surface charges, although only specific of
the BSO crystal. Continuous illumination leads to a surface
charge lifetime on the second scale. In contrast, pulsed
illumination results in lifetimes on the minute scale. In the
case of none illumination of the BSO crystal (approximated),
the charge density has died away after several tens of
minutes probably due to a still existing dark-conductivity or
other recombination channels. Figure 13 (b) illustrates the
approximation procedure. For selected times t during the
decay process, the respective surface charge density σt (fLED)

was extrapolated to fLED → 0.
In table 1, the decay constants for both surface charge

polarities are summarized. The negative surface charges decay
on the same time scale but slightly faster than the positive ones.
Nevertheless, this suggests that generally the same process
leads to a decrease in the surface density of totally different
species (electrons, defect electrons).

Most likely, the responsible mechanism is the photocon-
ductivity which is a typical property of the sillenites Bi12M O20

(M = Si, Ti, etc). It means the photo-induced transport of
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Figure 13. Decay of positive surface charges after turning of the
APTD (sine wave voltage amplitude Ûext = 3.7 kV) in pure
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over time (including the inset) depending on the effective
illumination of the BSO crystal, and (b) approximation of the
limiting case of none illumination by extrapolation of σ(fLED) to
fLED → 0 for different times t during the decay.

Table 1. Decay constants k2 for positive and negative surface charge
polarity depending on the effective illumination after turning off the
APTD in N2.

k2 (s−1)

Illumination Positive polarity Negative polarity

Continuously 1.92 ± 0.10 2.02 ± 0.12
fLED = 1/20 Hz (5.13 ± 0.59) × 10−3 (8.71 ± 0.72) × 10−3

fLED = 1/60 Hz (2.97 ± 0.19) × 10−3 (4.68 ± 0.37) × 10−3

None (2.39 ± 0.25) × 10−3 (2.67 ± 0.31) × 10−3

charge via additional energy states within the band gap of
the BSO crystal. It is associated with the redistribution of
recombination flows involving fast and slow recombination
centres, even in deep levels [34]. For the chosen wavelength
λ = 634 nm of the LED light, this intrinsic transport process
is significantly effective.
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Figure 14. Decay of the surface charge density after turning off the
filamentary BD in nitrogen: (a) averaged radial density profile of
positive surface charge spots for different times during the decay
process, and (b) accordant increase of the FWHM comparing
positive and negative charge polarity. Experimental conditions:
p = 300 mbar, Ûext = 2.3 kV, fLED = 1/20 Hz.

Although other possible optically stimulated mechanisms
cannot be excluded, e.g. as observed when using alumina
electrodes [28], the charge transport and recombination should
take place just inside the BSO crystal but not at the interface
to the plasma. So, e.g. photodesorption can be excluded. This
is due to the absence of both charged particles as well as
an external electric field (Ûext = 0) outside the crystal. So,
there would be no recombination and transport of imaginary
released electrons. But, at least one of these processes would
be necessary to explain the observed decrease of the measuring
signal. Because the latter is justified by an accordant decrease
of the electric field across the BSO crystal made up by the
accumulated charge.

In figure 14, the decay of surface charges after turning
off the filamentary BD in pure nitrogen (gas pressure p =
300 mbar, square wave voltage amplitude Ûext = 2.3 kV) is
presented. Figure 14 (a) illustrates the photo-induced decay of
positive surface charge density spots for different times during
the decay process (fLED = 1/20 Hz). There is no remarkable
difference between the decay constants of homogeneously
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accumulated surface charges and localized surface charge spots
resulting from the operation of diffuse and filamentary BDs,
respectively.

However, a slow broadening of the radial profiles of
positive and negative surface charges is observed on the minute
scale. Most likely, this is due to thermal diffusion of the photo-
excited charge distribution with a typically small intrinsic
mobility in Bi12SiO20 [36]. During the decay process, the
FWHM− of the negative charge spots increases by a factor of
about 1.5 while the FWHM+ becomes more than four times
larger, as shown in figure 14(b). The dashed lines indicate the
end of the decay process.

All in all, even for continuous illumination the decrease of
the surface charge density takes place on the second scale. So,
there is no photo-induced influence of the light originating from
the LED or plasma on the surface charge development during
the discharge cycle. Using alumina electrodes, the optically
stimulated luminescence (OSL) emitted from the dielectric
after plasma exposure showed a similar decay [28]. It was
suspected in charge recombination processes of electrons de-
trapped by illumination, too. According to the model in [40],
when using Al2O3 (χ > 0) the plasma electrons are trapped
within the conduction band with subsequent energy relaxation
just inside the dielectric. It is assumed that the same is valid
for Bi12SiO20.

However, when using MgO and CaO (χ < 0) it is
expected that the electrons are situated in shallow traps within
the interface between the dielectric and the plasma. A
correspondingly effective release of trapped electrons was
observed by thermally stimulated current measurements in
experiments with quartz and PTFE [30].

4. Summary

In continuation to previous investigations in pure nitrogen and
pure helium, the present work reports on barrier discharges
in He/N2 mixtures characterized by electrical, spectroscopic
and surface charge measurements. The existence diagram of
filamentary and diffuse BDs is obtained by varying both the
He/N2 ratio over its entire range as well as the amplitude and
shape of the applied voltage. Increasing the voltage amplitude
Ûext and the voltage slew rate dUext/dt results in a higher
power input effecting a higher ionization rate which favours
the formation of microdischarges.

The variation of these parameters allows the generation of
diverse discharge modes: the diffuse APTD and the filamentary
BD in any He/N2 mixture, the diffuse APGD in the range
He/N2 > 96/4, static filament structures in He/N2 < 96/4,
and the coexistence of the diffuse mode and the filamentary
mode in He/N2 < 90/10. The latter is observed only in the
positive half of the operating period. It is assumed that the BSO
crystal has a smaller γe coefficient than the other dielectric,
glass. This is probably due to the trapping of plasma electrons
in deeper states within the BSO crystal making those harder
to release than from shallow traps within the interface to the
plasma.

Some fundamental correlations between electrical,
spectroscopic and surface charge measurements are presented.

The net current induced by the discharge breakdown correlates
with the temporal development of the discharge emission.
The latter acts as an indicator of either fast electron impact-
induced processes or slower multistage ones which dominate
the discharge formation depending on the He/N2 ratio. For
all the varied conditions, the overall charge transfer during the
discharge breakdown is in excellent agreement with the amount
of accumulated surface charges.

Operating the filamentary BD, localized spots of positive
and negative surface charges on the BSO crystal mark the
positions of previous MDs. On the one hand, the Gaussian-
distributed radial profiles of these charge spots are shaped by
the differing mobility of electrons and ions when approaching
the dielectric surface. But on the other hand, the profiles remain
constant when the accumulation process is finished. This is a
further indication for the charge trapping in deep levels of the
BSO crystal. A profile broadening is only observed on the
minute scale probably due to intrinsic thermal diffusion.

As another clue, the photo-induced decay of positive
and negative surface charges takes place on the minute
scale, too. Most likely, the responsible mechanism is the
photoconductivity which is typical of the sillenites. This effect
is associated with the redistribution of recombination flows
between fast and slow recombination centres involving both
impurity states within the band gap as well as deep levels.

Bi12SiO20 is useful for surface charge measurements
but it has specific physical properties. To avoid intrinsic
recombination processes influencing the surface charge
distribution it is planned to cover the BSO crystal with a
transparent dielectric which is exposed to the plasma. In this
way, the surface charge accumulation can still be investigated
but on more common dielectric materials, such as alumina or
silicon oxide.
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1. Introduction

Barrier discharges (BDs) are widely used in many technolog-
ical applications, e.g. ozone generation, material processing, 
light sources, destruction of pollutants, sterilization and other 
biomedical applications [1–3]. One crucial advantage of BDs 
is the possibility to generate the reactive species at atmo-
spheric pressure. It is well-known that different discharge 
modes, namely a filamentary and a diffuse mode, can occur 
depending on the working gas, the frequency, the amplitude 
and the shape of the feeding voltage, the discharge gap width, 
the material of the dielectric barriers, and the geometry of the 
electrodes [1, 4]. The filaments are statistically distributed 
breakdown channels of several tens of nanoseconds dura-
tion. The filamentary mode is commonly observed e.g. in air, 
oxygen [1] and argon [5].

The homogeneously distributed diffuse discharge mode 
is classified as the so called atmospheric pressure glow-like 
discharge (APGD) and atmospheric pressure Townsend-like 
discharge (APTD) [6–8]. The characteristics of the APGD are 
narrow current pulses of a high current density in comparison 
to the APTD and a spatial structure similar to the low pressure 
glow discharge [6]. These properties are typical for the barrier 
discharge operated in helium [6] and neon [9]. The APTD is 
characterized by a relatively long current pulse duration with a 
small current density. The electric field is weakly disturbed by 
a small space charge formation [10]. The APTD is typical for 
a diffuse discharge operated in pure nitrogen [8].

The discharges operated in pure oxygen or in oxygen mixed 
with other gases play a crucial role especially in plasma chem-
istry and biomedicine. They are effective sources of radicals 
as oxygen atoms and ozone. However, it is quite inefficient to 
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The formation of the atmospheric pressure Townsend-like discharge was confirmed by 
the spatiotemporally resolved emission. The development of the surface charges agrees 
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breakdown calculated from the discharge current.
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generate a discharge in pure oxygen due to the higher power 
requirements in comparison e.g. to atomic gases. The influ-
ence of adding oxygen into the discharge was already studied 
e.g. for nitrogen [11, 12], neon [5] and argon [13]. The tran-
sition from the diffuse mode to the filamentary mode was 
observed in nitrogen and neon discharges. The transition to 
the filamentary mode in the case of the nitrogen discharge 
(1.1 mm discharge gap) occurs in the range of 0.05–0.1 vol.% 
O2 admixture [12]. The microdischarge channel of about 
1 mm in diameter has been formed between the electrodes 
(1 mm discharge gap) at 1 vol.% O2 admixture in neon gas [5]. 
The transition from the diffuse mode to the filamentary mode 
is caused by the quenching of long-lived metastable states of 
parent gases by oxygen molecules [14, 15]. For various tech-
nical applications the detailed understanding of an influence 
of oxygen on the BDs modes and plasma characteristics is 
very important due to the determination of the optimal oxygen 
admixture to the parent gas.

The discharge operated in He/N2 mixtures was investigated 
in [16–18]. Helium as a buffer gas maintains the gas temper-
ature close to the room temperature due to its high thermal 
conductivity [19]. This is well suited for applications dealing 
with temperature-sensitive materials such as biological sam-
ples [20]. Both the APTD and the APGD can be achieved in 
any He/N2 mixture at adequate discharge cell geometry and 
gap voltages [18]. The filamentary mode in He/N2 mixture can 
be established by overvoltage. The surface charge measure-
ment in the filamentary mode of barrier discharge generated 
in helium with 10 vol.% admixture of nitrogen was performed 
in [17]. It was shown that the microdischarges prefer a re-
ignition on locations of surface charges accumulated during 
previous discharge breakdowns.

In this work, the barrier discharge in helium with small 
admixtures of oxygen (from 0.01 vol.% up to 1 vol.% of O2) 
was investigated by means of electrical measurements in order 
to distinguish the discharge modes. Additionally, the spati-
otemporally and spectrally resolved discharge emission was 
recorded in the diffuse discharge modes in order to compare 
the important processes ongoing in the discharge development 
in dependence of the oxygen admixture to helium. The phase 
resolved surface charge measurements can provide the insight 
into the surface processes and their influence on the discharge 
behaviour.

The paper is organized as follows: the experimental appa-
ratus and used diagnostic techniques are described in section 2. 
The results and the discussions are presented in section 3. The 
conclusions are given in section 4.

2. Experimental set-up and diagnostic techniques

2.1. Discharge cell configuration and operating conditions

The used discharge cell is already well established [17, 18]. It 
consists of two parallel plane electrodes each covered with a 
different dielectric materials (see figure 1(b)). The grounded 
electrode is a polished aluminium mirror. Here, an undoped 
electro-optic Bi12SiO20 (BSO) crystal is mounted on the mir-
rors top side showing the Pockels effect which is applied for 

surface charge measurements. The driven electrode is a thin, 
transparent and electrically conductive ITO layer on the top 
side of a glass plate. The area A of the electrode, where the 
discharge operates, is 1.77 cm2. The gap distance of 1 mm 
between the dielectrics is realised by gap spacers made of 
PEEK polymer. Two sidewise oppositely located orifices 
enable the optical diagnostics. Perpendicular to both orifices a 
third one is used for the gas flow controlled by a multi gas flow 
controller (MKS 647c). The working gases are pure helium 
(<10 ppm nitrogen impurities) and helium with small oxygen 
admixture (up to 1 vol.% of O2). The discharge is operated at a 
gas pressure of 500 mbar and is sustained in a flowing regime 
(flow up to 100 sccm) in order to ensure a constant helium/
oxygen mixture during the experiment.

2.2. Power supply and electrical measurements

The driven electrode is connected to a high voltage power 
amplifier (Trek 615-10) which amplifies the signal of the 
function generator (SRS DS345) by a factor of 1000 (see 
figure 1(b)). The frequency of an applied sine wave voltage is 
f    =   2 kHz. Depending on the gas mixture, the applied voltage 
amplitude is varied from 0.3 kV to 2.7 kV measured by a 
1000:1 high voltage probe (Tektronix P6105A). The total cur-
rent is measured with a resistor (R   =   100 Ω). A switch allows 
to use a capacitor of C   =   1 nF instead of the resistor to mea-
sure the transported charge during the discharge breakdown. 
All electrical signals are recorded by an digital oscilloscope 
(Tektronix TDS3034B).

2.3. Surface charge measurements

The experimental set-up for the measurement of surface 
charges via the electro-optic Pockels effect [21] is shown in 
figure  1(a). The BSO crystal is homogeneously illuminated 
by the combination of a LED light source (λ = 634 nm), a 
Koehler illumination system consisting of lens 1 and 2 and two 
apertures, and a telescopic system (lens 3 and 4). A polariza-
tion filter placed in between the Koehler illumination changes 
the polarization state of the LED light from unpolarized to lin-
early polarized. After passing through the Koehler illumina-
tion system, the LED light beam is reflected by a beam splitter 
into the direction of the discharge cell. Passing the λ/8 wave 
plate the light becomes elliptically polarized. Since the crystal 
is birefringent in the presence of an electrical field (caused 
by the applied voltage as well as deposited surface charges), 
the ellipticity of the LED light changes after passing through 
the crystal. Due to the reflection on the aluminium mirror, the 
light beam passes the crystal twice. The reflected light passes 
again the optical elements before being detected by a CCD 
high speed camera. In front of the camera, a linear polariza-
tion filter and coloured filter are placed. The polarization filter, 
orientated perpendicular to the filter in the Koehler illumina-
tion system, is necessary to measure changes of the ellipticity 
caused by an electric field. The coloured filter (transparent 
from 620 to 640 nm) is used to exclude the light emission from 
the discharge. The spatial resolved surface charge density is 
determined by analysing the measured light intensity taken 
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with deposited surface charges and as the reference without 
any surface charges. This is necessary to cancel out the con-
tribution of the applied voltage. The latter is recorded when 
only the external voltage is applied and no discharge has been 
ignited. For further details see e.g. [17, 18, 22].

2.4. Spectroscopic measurements

The radiation emission from the diffuse barrier discharge is 
investigated by the spatiotemporally resolved optical emission 
spectroscopy (OES). The optical radiation from the discharge 
volume is focused by the lens I (see figure 1(b)) onto a verti-
cally movable 0.1 mm slit which enables the spatial resolved 
investigation of the whole discharge gap; the spatial step of the 
measurement was 0.05 mm. The lens II focuses the slit image 
onto an optical fibre connected to a monochromator (spectral 
resolution 0.1 nm). The optical emission signal is converted 
by a photomultiplier tube (PM) into an electrical signal which 
is processed by a time-correlated single photon counting (TC-
SPC) module. A pulse pattern generator (PPG), which con-
trols the memory segment allocation of the SPC device, is 
triggered by a function generator defining also the sinusoidal 
voltage feeding the discharge (see figure 1(b)). Thereby, the 
photon counting is synchronized with the phase of the applied 
voltage. The temporal resolution of 1.4 μs is defined by the 

temporal window of one channel (in total 64 or 128 channels) 
for the photon counting by the TC-SPC. The result is a spatio-
temporally resolved development of the discharge light emis-
sion. For further details see [17, 22].

3. Results and discussion

3.1. Discharge operation

Different operating modes of the BD can be generated in 
pure helium and helium with small admixtures of oxygen 
depending on the amplitude of the sinusoidal feeding voltage 
(see figure 2). The minimal voltage amplitude to sustain the 
discharge rises with an increasing oxygen admixture. This is 
due to the effective consumption of the bulk electron energy 
in excitation of oxygen vibrational-rotational molecular states 
and in dissociation processes not directly contributing to the 
gas ionization [23]. Additionally, the electron energy distribu-
tion function is changed by electron attachment processes gen-
erating negative oxygen ions. For the gap width of 1 mm, the 
APTD is formed in pure helium [22]. Also, this discharge mode 
occurs in both half periods of the applied voltage with a very 
small admixture of oxygen (up to 0.025 vol.%). Admixtures of 
more oxygen cause a transition from the APTD to the filamen-
tary mode only in the positive half period. Most likely, this is 

Figure 1. Scheme of the experimental setup: (a) the surface charge diagnostics, and (b) the spatiotemporally resolved optical emission 
spectroscopy in combination with electrical measurements performed at one discharge cell configuration. Abbreviations: AMP—amplifier, 
FG—function generator, MC—monochromator, MEM—memory, PM—photomultiplier, PPG—pulse pattern generator, TC-SPC—time-
correlated single photon counting.
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due to the different dielectrics with different secondary emis-
sion coefficients γ [18]. The transition to the filamentary mode 
is attributed to an effective quenching of long-lived metastable 
helium species by oxygen [14]. The metastable species play 
an important role in generating the seed electrons by stepwise 
ionization and chemoionization [24]. Also, the strong depen-
dence of α β( ) − ( )E N E N/ /  on reduced field strength E/N for 
oxygen, where α is the Townsend ionization coefficient and 
β the second Townsend coefficient describing the attachment 
probability, is important for the formation of the filamentary 
mode. Only a small overvoltage can lead to a large increase in 
the number of charge carrier avalanches [5]. About 0.5 vol.% 
oxygen admixture to helium results in a filamentary discharge 
in both half periods. The electrons are no more available 
before the discharge ignition due to a high electron attachment 
and it is more difficult to ignite and maintain the discharge. 
The influence of the electron attachment reactions generating 
negative ions becomes important with a further increasing 
admixture of oxygen [25].

The temporal development of the net current over one 
discharge cycle was recorded for the indication of the dif-
ferent discharge modes. The minimal applied voltage ampli-
tude for a discharge operated in pure helium is 330 V. In this 
case, only one current pulse of diffuse mode is observed. The 
number of current pulses rises with an increasing voltage 
amplitude for pure helium as well as with increasing oxygen 
admixture (see figure  3). In each case, the applied voltage 
amplitude amounts to 940 V. Several current pulses per half-
cycle were interpreted as current oscillation [10, 11, 26, 27]. 
The current oscillations can be caused by a lag between the 
ion production nearby the anode and the subsequent ion-elec-
tron emission on the cathode [10]. The magnitude of sub-
sequent current pulses decreases and the duration of pulses 
increases. Finally, the filamentary mode occurs when adding 
at least 0.05 vol.% of oxygen to helium. This is indicated by a 
considerable increase in the net current amplitude of the first 

breakdown in the positive half period of the applied voltage 
(see e.g. figure 3(c)).

Figure 4 shows in detail the temporal evolution of the 
net current in the negative half period. Here, the cathode 
is covered by the BSO crystal whose surface has a signifi-
cantly lower secondary electron emission coefficient γ com-
pared with the glass plate [28]. The diffuse discharge mode is 
therefore more stable in the negative half period for a higher 
oxygen admixture then in the positive one. The first break-
down occurs just before the inversion of the applied voltage 
polarity and it is not the strongest one. The maximum current 
density is reached later in the half period, when the voltage 
(the absolute value) is increasing up to the maximum. The 
duration of the current pulses, described as the full width at 
half-maximum (FWHM) value, decreases with an increasing 
amount of oxygen (see figure 5).

3.2. Optical emission spectra

The spectra of the optical emission originating from the dif-
fuse discharge in pure helium (with  <10 ppm impurities of 
nitrogen) and helium with an admixture of 0.1 vol.% oxygen 
are shown in figures  6 and 7. Both spectra are identically 
scaled. The highest measured intensity for the pure helium 
discharge corresponds to the 0–0 transition of nitrogen molec-
ular ion N+

2  of the first negative system (FNS, ( Σ ) →+ +
=′N B v2

2
u 0  

N ( Σ ) ″
+ +

=X v2
2

g 0) at 391 nm. In the helium discharge with 
nitrogen impurities, the FNS is mainly induced by Penning 
ionization of nitrogen by helium metastable atoms

( ) + ⟶ ( Σ ) + + ( )+ +N X He N B e He 1 S .2
m

2
2

u
1 (1)

The second positive system of nitrogen (SPS) at 337 nm 
(N ( Π ) →=′C v2

3
u 0  N ( Π ) ″=B v2

3
g 0) is present in the spectrum, 

too. The SPS upper state N ( Π )C2
3

u  is mainly populated by 
direct excitation via electron impact [29]

Figure 2. Existence diagram for the filamentary and diffuse barrier discharges depending on the oxygen admixture to helium.
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Figure 3. Applied voltage and discharge net current for helium barrier discharge with (a) no oxygen admixture, (b) 0.02 vol.%,  
(c) 0.05 vol.%, and (d) 0.10 vol.% O2 admixture to helium. The applied voltage amplitude is 940 V.

Figure 4. Temporal evolution of the net current in the negative half period (diffuse discharge mode) with (a) no oxygen admixture,  
(b) 0.02 vol.%, (c) 0.05 vol.%, and (d) 0.10 vol.% O2 admixture to helium. The applied voltage amplitude is 940 V.
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( ) + ⟶ ( Π ) +N X e N C e.2 2
3

u (2)

The OH band (A Σ+2 ) →=′v 0  (X Π2 ) ″=v 0 at 311 nm and Hα, 
H β lines are also detected. The atomic lines of helium are not 
so intensive, except line 3 3S → 2 3P at 706.5 nm.

The spectrum of the diffuse discharge with 0.1 vol.% 
oxygen admixture to helium is very different in comparison to 
the pure helium discharge (see figure 7). Only a small admix-
ture of oxygen changes dramatically the plasma chemistry. The 
radiation of the impurities (OH, H, N2) is almost completely 
suppressed, only the FNS of nitrogen is still detectable. The 
intensities of several atomic helium lines are increased with 
an increasing oxygen content probably due to the elimina-
tion of the quenching of the helium excited states by nitrogen 
species (see further). The most rapid increase is observed for 
388.9 nm line (3 3P→ 2 3S, the 3S state being metastable). The 
enhancement of this line in the helium/oxygen discharge spec-
trum was also observed in [30] for a BD operated in He + 
1 vol.% O2 gas mixture at 33 mbar. Additionally, the lines of 
atomic oxygen are significantly present in the spectrum. Even 
for a small oxygen admixture of 0.1 vol.%, the line 3 5P→ 3 5S 
(the 5S state being metastable) at 777 nm is almost as intensive 
as the helium 706.5 nm line. The excited state 3 5P of atomic 
oxygen is produced by the quenching of helium metastables 
by molecular oxygen [31]

( ) + ⟶ ( ) + + ( )O X He O 3 P O He 1 S .2
m 5 1 (3)

The development of the intensities of the helium line at 
388.9 nm and the FNS of nitrogen, normalized on the respec-
tive maximum, is presented in the range 0–0.1 vol.% O2 
admixture at an applied voltage amplitude of 940 V in figure 8 
(semi-logarithmic scale). The helium line emission increases 
exponentially with increasing oxygen concentration. However, 
the FNS emission drops to 5% of its maximal intensity in the 
pure helium discharge at 0.01 vol.% of oxygen admixture. 
Adding more oxygen results in a less rapid decrease of the 
FNS. The intensity is comparable with the background signal 
from 0.025 vol.% of oxygen admixture, therefore any observ-
able trend is then within the experimental error.

Figure 6. Overview spectrum of the barrier discharge in pure 
helium. Intensities are normalized on the FNS of singly ionized 
nitrogen at 391 nm.

Figure 7. Overview spectrum of the barrier discharge operated in 
99.9 vol.% helium and 0.1 vol.% oxygen (in the scale of figure 6, 
notice the different maximum intensity).

Figure 8. Maximum intensities of the FNS of nitrogen at 391 nm 
and helium 388.9 nm line in dependence on the oxygen admixture.

Figure 5. Amplitude and duration (FWHM) of the most intensive 
discharge current pulse for the diffuse discharge in the negative half 
period of the applied voltage depending on the oxygen admixture to 
helium.

J. Phys. D: Appl. Phys. 48 (2015) 355204

7 Thesis Articles

66



L Dosoudilová et al

7

The decrease of the FNS intensity is probably due to the 
decrease of the electron temperature with adding oxygen into 
a pure helium discharge [32–34]. The electrons loose their 
energy in reactions with oxygen species such as ionization and 
dissociation of O2 and excitation of vibrational-rotational O2 
states [23]. Then the electrons do not have sufficient energy 
to populate high-energetic helium metastable states (E∼ 20 
eV). The helium metastable atoms are also more effectively 
quenched by oxygen molecules than by nitrogen molecules 
due to the lower ionization energy of O2 [14, 35]. Therefore, 
the crucial production process (1) of the FNS is attenuated.

Furthermore, the excited state of the nitrogen molecular 
ion N ( Σ )+ +B u2

2  is quenched by oxygen molecules as well 
[36]. However, the concentration of helium atoms in the dis-
charge is much higher than the concentration of oxygen mol-
ecules. There are also other production channels of the FNS, 
namely ionization by electron impact from the ground state of 
N2, direct electron excitation of N+

2 , or charge transfer from 
helium dimer ions He+

2  [10]. Therefore the FNS is still observ-
able in the spectrum.

3.3. Spatiotemporally resolved discharge radiation

The optical emission evolution in the diffuse discharge oper-
ated in pure helium and in helium with 0.1 vol.% oxygen 
admixture has been investigated by the single photon counting 
technique. The results are presented in figures 9 and 10. The 

FNS 0–0 band head at 391 nm and the helium line 706.5 nm 
were observed in the discharge operated in pure helium (see 
figure 9). The applied voltage amplitude was 910 V. The FNS 
emission was weak in the discharge with 0.1 vol.% oxygen 
admixture. Therefore, only the helium line at 706.5 nm as 
well as the oxygen atomic line at 777 nm were investigated 
(see figure 10). The applied voltage amplitude was increased 
up to 940 V. The temporal development of the net current and 
the optical emission intensity of He, N+

2 , and O are presented 
below the colour maps for comparison. The temporal intensity 
profiles were determined as the integral of the spatiotemporal 
emission development over the discharge gap.

Both discharges, in pure helium and helium with oxygen 
admixture, can be characterized by a maximum emission 
intensity in front of the anode. In combination with the dura-
tion of the current pulses of several tens of microseconds, 
these results confirm the generation of the APTD as shown 
in [17, 18] for He/N2 mixtures. The temporal development 
of both emissions correlates with the current pulses of the 
accordant discharge breakdown. The emission starts in the 
moment when the electron density increases and the atoms 
are excited into the upper levels or ionized by energetic elec-
trons. The excess of energy is then released in form of spon-
taneous emission. The radiative lifetimes of the upper state of 
N+

2  391 nm, He 706.5 nm and O 777 nm line are 62 ns [36], 
64 ns [37] and 170 μs [38], respectively. The effective life-
times are even shorter due to the collisional quenching [31]. 

Figure 9. I. Spatiotemporally resolved emission from the diffuse helium discharge (impurities  <10 ppm of nitrogen): (a) 706.5 nm He 
line, (b) the 0–0 band head of the N+

2  FNS at 391 nm. The applied voltage amplitude is 910 V. II. Correlation between discharge net current 
and temporal development of discharge emission: (a) 706.5 nm He line, (b) the 0–0 band head of the N+

2  FNS at 391 nm. Both, current and 
intensity, are normalized on their maximum. The radiation emission at the electrode positions is caused by the reflection on the transparent 
dielectric layers.
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The ionization ratio of the nitrogen molecules is enhanced 
by helium metastables and therefore also the emission of the 
FNS in the region with low electron density [39, 40]. Thus, 
the FNS light comes from a larger volume in the discharge 
gap than the helium light in a pure helium discharge (figure 9). 
The radiative He(3 3S) state is dominantly populated through 
electron impact excitation from the helium ground state as 
known from the literature [31]. Therefore, the intensity of the 
helium 706.5 nm line is maximal at the anode as expected for 
the APTD [6, 7]. The short gap distance of 1 mm prevents the 
evolution of the glow-like discharge.

The discharge becomes unstable with increasing oxygen 
admixture to helium. Therefore, the emission pulses are 
broader then the current pulses (figure 10). This is caused by 
the different collecting time periods of these signals. Whereas 
the emission signal was collected during several hours, the 
current signal was averaged only during several voltage 
periods. The difference in emission and current signal width 
is therefore also an indication of the discharge stability.

3.4. Phase resolved surface charge measurement

The results of the phase resolved and laterally averaged sur-
face charge measurement are presented in figure 11 (part I) for 
pure helium and helium with 0.025 vol.% oxygen admixture. 
The temporal development of the net current and the trans-
ported charge calculated from the net current are also shown. 
The net current is determined from the measured total current 
by subtracting the displacement current. The latter is obtained 

from the applied voltage and the capacitance of the discharge 
cell. The temporal evolution of global transported charge den-
sity σ is calculated via integration of the net current I(t)

∫σ( ) = ( )′ ′t
A

I t t
1

d ,
t

0
 (4)

A denotes the area of the electrode where the discharge 
operates.

The applied voltage amplitude is decreased to 560 V in 
pure helium in order to ensure the stability of all the subse-
quent discharge breakdowns during the measurement. Under 
these conditions the discharge operates in the diffuse mode. 
As can be seen from the net current, three and four current 
pulses were observed in the positive and negative half period, 
respectively. Before the current pulses appear, the surface 
charges originating from the previous discharge breakdown 
are deposited on the BSO crystal. When the discharge ignites, 
the initial surface charge polarity changes to the opposite one 
by the accumulation of the transported charge on the dielec-
trics surface. The surface charge density remains constant 
between the discharge breakdowns. This behaviour was also 
observed and discussed in detail in [17]. The calculated trans-
ported charge corresponds very well with the deposited charge 
measured via the Pockels effect. The absolute value of the 
surface charge density is σ =+ 1.26 nC cm−2 for the positive 
half period and σ =− 2.18 nC cm−2 for the negative one. Most 
likely, the asymmetry in both half cycles can be explained by 
the different dielectric materials, namely glass and BSO. The 
total transported charge is σΔ = ⋅ Δ =Q A 6.1 nC.

Figure 10. I. Spatiotemporally resolved emission from the diffuse helium discharge with 0.1 vol.% oxygen admixture: (a) 706.5 nm He 
line, (b) 777 nm O line. The applied voltage amplitude is 940 V. II. Correlation between discharge net current and temporal development of 
discharge emission: (a) 706.5 nm He line, (b)777 nm O line. Both, current and intensity, are normalized on their maximum. The radiation 
emission at the electrode positions is caused by the reflection on the transparent dielectric layers.
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The temporal development of the surface charge den-
sity for the discharge in helium with 0.025 vol.% oxygen 
admixture shows in general the same behaviour. The applied 
voltage amplitude was 910 V. In the positive half period the 
discharge operates in the filamentary mode and in the nega-
tive one in the diffuse mode under these conditions. In the 
positive half period a large amount of filaments ignite over 
the entire discharge region as long as the applied voltage 
is rising. However, the temporal resolution of the measure-
ment (5 μs) is long in comparison to the time between the 
discharge breakdowns. Therefore, the surface charge density 
in the positive half period is not increasing stepwise because 
the time intervals with constant surface charge density are not 
detected. The temporal resolution is limited by the camera 
exposure in compromise with a sufficient detection signal for 
measurement procedure. The calculated transported charge 
is in a good agreement with the measured deposited charge. 
The absolute value of the surface charge density is σ =+ 3.80 
nC cm−2 for the positive half period and σ =− 3.65 nC cm−2 
for the negative one. This corresponds to the total transported 
charge of about 13.3 nC.

The discrepancy between the surface charge measurement 
and the calculated transported charge in both cases is prob-
ably due to the discharge expansion outside the small area of 
BSO surface which is analysed by the surface charge diag-
nostics. The multiple discharge breakdowns show a radial 
development [27]. Presumably, the surface charges have 
already covered the entire electrode area after the first break-
down. Therefore, the last breakdowns in the same half period 

do not occur within the small centred observation area of the 
surface charge measurement. Hence, the total amount of the 
transported charge is larger than the detected surface charge 
density.

The Q  −  U diagrams represent another method to deter-
mine the transported charge (see figure  11 part II). The 
steep slopes of the Q  −  U diagrams are connected with the 
transported charge in each discharge breakdown. For the 
discharge operated in pure helium at the applied voltage 
amplitude of 560 V the estimated total transported charge is 
Δ ≈ ( + + ) =Q 2.5 1.9 1.5  nC 5.9 nC in the positive half period 
and Δ ≈ ( + + + ) =Q 1.9 1.8 1.6 0.5  nC 5.8 nC in the negative 
half period. In the case of the helium discharge with an admix-
ture of 0.025 vol.% of oxygen at the applied voltage ampli-
tude of 910 V the estimation of the total transported charge is 
Δ ≈ ( + + + + + + + ) =Q 1.7 1.8 1.7 1.9 1.9 1.6 1.5 1.2  nC 13.3 
nC in the negative half period. The single current pulses 
cannot be clearly distinguished in the positive half period due 
to the filamentary discharge mode. The results are in a good 
agreement with the surface charge measurement.

4. Conclusion

This work is focused on the investigation of the barrier dis-
charge in helium with small oxygen admixtures. The different 
discharge modes are studied in dependence on the various 
oxygen admixture and an applied voltage amplitude. The 
transition from the diffuse mode into the filamentary one is 
observed at a very low oxygen content (at 0.025 vol.%). Most 

Figure 11. I. Phase resolved measurement of the laterally averaged surface charge density (squares) with the corresponding net current 
(solid line) and with the surface charge calculated from the net current (dashed line) over one period for (a) pure helium at the applied 
voltage amplitude of 560 V, (b) helium with 0.025 vol.% oxygen admixture at the applied voltage amplitude of 910 V. II. Q  −  U diagrams, 
(a), (b) see I. part.

J. Phys. D: Appl. Phys. 48 (2015) 355204

Article II

69



L Dosoudilová et al

10

likely, due to the asymmetric discharge cell configuration 
the filamentary mode occurs firstly only in the positive half 
period. In the negative half period the APTD with character-
istic current oscillations is established. The filamentary mode 
in both half periods is achieved at higher oxygen admixtures 
(about 0.5 vol.%). A similar behaviour was observed also in 
N2/O2 mixtures [11] where the discharge was still diffuse up to 
0.05 vol.% of O2 admixture at 1.1 mm discharge gap. The dif-
fuse mode in He/O2 mixture is no more sustainable at higher 
oxygen amount unlike the discharge generated in He/N2 mix-
ture [16]. Only the APTD mode is observed in the discharge 
cell configuration described here. The emission maximum is 
detected near the anode by means of spatiotemporally resolved 
optical emission spectroscopy. The number of current peaks 
per half period is increasing and their duration is decreasing 
with an increasing amount of oxygen in the discharge.

Further, the optical emission spectra are recorded to deter-
mine the main excited species and to investigate the crucial 
processes ongoing in the discharge. The Penning ionization 
of the nitrogen molecules by helium metastables dominates 
in the pure helium discharge. By adding O2 the helium meta-
stable atoms as well as the nitrogen excited species are very 
effectively quenched by oxygen molecules. Therefore, the 
radiation emission from N2 and N+

2  is almost diminished. O2 
molecules dissociate during these processes and the light emis-
sion of the oxygen atoms is then observed in the spectrum.

The phase resolved surface charge measurement over one 
discharge cycle by the electro-optic Pockels effect is also per-
formed in this gas mixture. The calculated transported charge 
is in agreement with the measured deposited charge. The 
results of the surface charge measurements correspond well 
with former results in He/N2 mixtures [17].
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Abstract
This work reports on the spatio-temporal characterization of the multiple current pulse regime 
of diffuse barrier discharges driven by sine-wave feeding voltage at a frequency of 2 kHz 
in helium with small nitrogen admixtures. The discharge gap of 3 mm is bounded by glass 
plates on both plane electrodes. Priority is given to the lateral discharge inhomogeneities, 
underlying volume- and surface-memory effects, and the breakdown mechanism. Therefore, 
relevant processes in the discharge volume and on the dielectric surfaces were investigated 
by ICCD camera imaging and optical emission spectroscopy in combination with electrical 
measurements and surface charge diagnostics using the electro-optic Pockels effect of a 
bismuth silicon oxide crystal. The number of current pulses per half-cycle of the sine-wave 
voltage rises with increasing nitrogen admixture to helium due to the predominant role of 
the Penning ionization. Here, the transition from the first glow-like breakdown to the last 
Townsend-like breakdown is favored by residual species from the former breakdowns which 
enhance the secondary electron emission during the pre-phase of the later breakdowns. 
Moreover, the surface charge measurements reveal that the consecutive breakdowns 
occur alternately at central and peripheral regions on the electrode surface. These spatial 
inhomogeneities are conserved by the surface charge memory effect as pointed out by the 
recalculated spatio-temporal development of the gap voltage.

Keywords: barrier discharge, multiple current pulses, existence regimes, breakdown 
mechanism, surface charge, gap voltage, memory effect

(Some figures may appear in colour only in the online journal)

M Bogaczyk et al

Spatio-temporal characterization of the multiple current pulse regime of diffuse barrier discharges in helium with nitrogen admixtures

Printed in the UK

415202

JPAPBE

© 2017 IOP Publishing Ltd

50

J. Phys. D: Appl. Phys.

JPD

10.1088/1361-6463/aa875a

Paper

41

Journal of Physics D: Applied Physics

IOP

Original content from this work may be used under the terms 
of the Creative Commons Attribution 3.0 licence. Any further 

distribution of this work must maintain attribution to the author(s) and the title 
of the work, journal citation and DOI.

2017

1361-6463

3 Author to whom any correspondence should be addressed.

1361-6463/17/415202+13$33.00

https://doi.org/10.1088/1361-6463/aa875aJ. Phys. D: Appl. Phys. 50 (2017) 415202 (13pp)

Article III

71



M Bogaczyk et al

2

1. Introduction

The possibility to generate non-equilibrium plasmas at atmo-
spheric pressure with comparatively low power consumptions 
make the barrier discharge (BD) indispensable for numerous 
industrial applications [1–4]. During the breakdown, the 
charge carriers from the discharge volume accumulate onto 
the dielectric barrier covering the electrodes. These surface 
charges cause an electric field across the gas gap that is oppo-
sitely directed to the electric field by the applied voltage, 
which finally results in the discharge extinction. Thereby, the 
transition to arc discharges is avoided. That is why BD-based 
applications such as the surface treatment of heat-sensitive 
samples in biology, life-science, and medicine benefit from 
the compromise of high chemical reactivity at low gas temper-
ature [5–8].

Different discharge phenomena appear depending on the 
gas composition, pressure, and flow, as well as on the electrode 
configuration, dielectric material, and feeding voltage ampl-
itude and shape. The well-known microdischarge regime is 
characterized by multiple arbitrary distributed breakdowns on 
the nanosecond time scale, and typically operated in oxygen-
containing gas mixtures [9–13]. In contrast, the glow-like and 
Townsend-like BDs in pure helium and pure nitrogen usu-
ally appear laterally diffuse, and operate on the microsecond 
time scale [14–19]. The differing breakdown mechanisms are 
mainly determined by the ratio between the volume ionization 
and the secondary electron emission, the pre-ionization by 
metastable species, and the presence or absence of local space 
charge formation resulting in the distortion of the electric field 
across the discharge gap. Note that these different discharge 
modes can be observed within a close range of operating con-
ditions [20–24].

The transition regime between the common laterally dif-
fuse and filamentary discharge modes is often characterized 
by several stationary current pulses per half-period of the 
feeding voltage. This multiple current pulse regime of the 
diffuse discharge is typical for the operation in binary gas 
mixtures, including helium and nitrogen or oxygen [25–31]. 
Spatio-temporally resolved current measurements using seg-
mented electrodes in case of such a discharge with several 
stationary current pulses per half-period revealed that the 
consecutive breakdowns occur in different radially symmetric 
regions [26]. Such an effect was not yet measured by surface 
charge diagnostics based on the electro-optic Pockels effect 
of a bismuth silicon oxide crystal. But, previous studies of 
the multiple current pulse regime in helium revealed a dis-
crepancy between the total transported charge and deposited 
surface charge [32]. This discrepancy is probably caused by 
discharge breakdowns in different radial positions outside 
the limited centered observation window. The latter accounts 
only for the surface charge in the central part of the discharge 
configuration. To address this issue, the observation area of 
the surface charge measurement was extended. Furthermore, 
the surface charge measurement is complemented by optical 
emission spectroscopy and ICCD camera imaging to clarify 
the breakdown mechanisms of the consecutive current pulses, 
as well as the role of volume- and surface-memory effects for 

these breakdown mechanisms and the lateral discharge struc-
ture. Overall, a better knowledge about the multiple current 
pulse regime will provide a better insight into the transition 
between laterally diffuse and filamentary discharges.

The outline of the article is as follows. Section 2 briefly 
describes the experimental setup and the diagnostic tech-
niques used. In section  3, the electrical characteristics and 
parameter dependencies of the multiple current pulse regime 
are presented. The breakdown mechanisms and underlying 
volume-memory effects are discussed in section  4. Finally, 
the lateral discharge development and the importance of the 
surface charge memory effect are highlighted in section 5.

2. Experimental setup

2.1. Discharge configuration and gas supply

The plane-parallel discharge configuration with a discharge 
gap distance of 3 mm is depicted in figure 1. The high-voltage 
driven electrode is a copper ring connected to an electrically 
conductive and optically transparent ITO layer coated on a 
float glass plate. This allows the observation of the discharge 
from above. On top of the grounded aluminum mirror, a bis-
muth silicon oxide (BSO) crystal is mounted and covered with 
a thin borosilicate glass plate. The electro-optic BSO crystal 
enables the measurement of surface charges deposited on the 
borosilicate glass during the discharge operation. The respec-
tive relative permittivities and thicknesses of the dielectric 
materials are summarized in table  1. Before the discharge 
operation, the vacuum chamber enclosing the discharge con-
figuration was evacuated to a base pressure below 10−5 mbar . 
Two mass flow controllers set the gas flow rate (100 sccm) of 
helium and nitrogen (respective purity > 99.999%), whereby 
well-defined He/N2 mixtures flow directly into the discharge 
volume. The operating pressure of 500 mbar was kept con-
stant in the flowing regime by a diaphragm pressure gauge 
(MKS) in combination with a butterfly valve (MKS) and a 
process pump (TRIVAC D25BCSPFPE).

2.2. Electrical supply and measurements

Figure 2 illustrates the experimental setup which enables the 
investigation of electrical discharge characteristics (a), the 
distribution and dynamics of surface charges (b), and the dis-
charge development in the volume (c,d) under identical oper-
ating conditions.

The sine-wave feeding voltage Uext(t) at the frequency 
of 2 kHz is provided by a function generator (SRS DS345) 
in combination with an amplifier (Trek 615-10), measured 
by a voltage probe, and connected to the upper electrode. 
Moreover, the total transported charge Qext(t) was detected 
using an external capacitor ( Cext = 1.2 nF). Data acquisition 
and processing was performed using a digital oscilloscope 
(ROHDE&SCHWARZ RTO1024) and a conventional PC.

For the calculation of the internal electrical quantities 
such as the gap voltage and the discharge current, an elec-
trical equivalent circuit is necessary. Since the diameter of 
the electrodes are different, two equivalent circuit diagrams 
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are considered (figure 3). The first equivalent circuit diagram 
in figure 3(a) assumes that the discharge diameter is limited 
by the smaller bottom electrode with a radius R1 = 7.5 mm. 
Under this assumption, the capacitance of the dielectrics C•

diel 
is calculated as a series of the capacitances C•

glass1, C•
glass2, 

and C•
BSO, each calculated by C•

i = εiε0πR2
1/di including the 

electric field constant ε0, the relative permittivities εi and 
the thicknesses di of the dielectrics (table 1). In the second 
equivalent circuit diagram in figure 3(b), the ring-shaped area 
between the radius R1 = 7.5 mm of the bottom electrode and 
the radius R2 = 12.5 mm of the BSO crystal is considered 
as well. Besides the inner capacitances C•

i , the ring shaped 
capacitances C◦

i = εiε0π(R2
2 − R2

1)/di are calculated. Having 
the capacitances C•

i  for the central area and the capacitances 
C◦

i  for the ring, it is important how to combine them. The 
approach in figure 3(b) considers that the charged particles in 
the volume are able to move in the lateral direction and that 
they balance the deviations of the electrical field between the 
central area and the ring. This means that the lateral comp-
onent of the electrical field decreases because of the lateral 
movement of the charged particles. Thus, the discharge con-
nects the central part and the annular part on the upper and 
lower boundary of the discharge gap. However, the equiva-
lent circuit gives C•+◦

gap = C•
gap + C◦

gap for the total gap capaci-
tance. For the upper part and the bottom part, the capacitances 

of the dielectrics Ctop
diel = C•

glass1 + C◦
glass1 and

Cbottom
diel =

(
1

C•
glass2

+
1

C•
BSO

)−1

+

(
1

C◦
glass2

+
1

C◦
BSO

+
1

C◦
PEEK

)−1

 (1)
are the sum of two parallel capacitances. The total capacitance 
of the dielectrics

C•+◦
diel =

Ctop
dielC

bottom
diel

Ctop
diel + Cbottom

diel
 (2)

is the series connection with Ctop
diel and Cbottom

diel .
In contrast to C•

diel and C•+◦
diel , the total capacitance Ctot of 

the discharge configuration is independent from the chosen 
equivalent circuit and was derived from the Lissajous 
figure  Qext(Uext) during the discharge off-time. It is taken 
into account the parallel capacitances C•

‖ and C•+◦
‖  by 

C‖ = Ctot − (CdielCgap)/(Cdiel + Cgap), which consider the 
parallel capacitance of the surroundings beyond R1 and R2, 
respectively [33, 34].

Despite Cgap, Cdiel, and C‖ are different for the two equiv-
alent circuits, the formulas for the calculation of the gap 
voltage

Ugap(t) = Uext(t)
(

1 +
C‖

Cdiel

)
− Qext(t)

Cdiel
, (3)

and the discharge current

Idis(t) =
(

1 +
Cgap

Cdiel

)(
Itot(t)− Ctot

dUext(t)
dt

)
 (4)

remain the same as for symmetric discharge configurations 
[35]. Since both quantities are different for the two equivalent 
circuits, they are written as U•

gap, I•dis and U•+◦
gap , I•+◦

dis .

2.3. Surface charge diagnostics

The surface charge measurement is based on the electro-
optic Pockels effect of the BSO crystal. Figure  2(b) shows 
the simplified optical setup. In general, elliptically polarized 
LED light ( λ = 634 nm) passes the discharge cell twice due 
to reflection at the grounded aluminum mirror. The reflected 
light intensity is detected by a CCD camera (Phantom Miro 
4ex). During the discharge operation, both the applied voltage 
(Uext

BSO) and the deposited surface charges (Uσ
BSO) induce a 

birefringence of the BSO crystal. Hence, the elliptical polar-
ization of the transmitted light differs from the incident light. 
As a result, the detected light intensity depends on the amount 
and polarity of the surface charges. Finally, the surface charge 
density

Figure 1. Sketch of the discharge configuration (side view).

Table 1. Relative permittivities and thicknesses of the dielectrics 
and the gas gap.

Material i Relative permittivity εi Thickness di/mm

Gap 1 3
Glass1 7.6 0.7
Glass2 6.7 0.2
BSO 56 0.7
PEEK 3.2 4
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σsur(x, y, t) =
ε0εBSO

dBSO

(
Imeas(x, y, t)
Iref(x, y, t)

− 1
)(

Uext
BSO(t) +

1
2k

)
,

 (5)
was calculated from the ratio between the measured intensity 
Imeas(x, y, t) during the discharge and the reference intensity 
Iref(x, y, t) without any discharge obtained from a calibration 
measurement. Here, ε0, εBSO, and dBSO denote the electric 
field constant, and the relative permittivity and thickness of 
the BSO crystal, respectively. Moreover, k is the slope of the 
linear dependence of Iref on Uext

BSO. Further details are given 
in [32]. Furthermore, the spatio-temporal development of the 
gap voltage

Ugap(x, y, t) =
Cdiel

Cdiel + Cgap
Uext(t)−

A
Cdiel

σsur(x, y, t) (6)

was recalculated from the surface charge density distribution 
σsur(x, y, t) with respect to the phase of the feeding voltage 
Uext(t) [34]. Here, A is the area on the dielectric which is 
imaged by pixel of the camera, where the surface charges are 
deposited.

2.4. Optical diagnostics

The optical emission from the discharge volume was imaged 
by a vertically movable lens onto the entrance slit of a mono-
chromator (Acton Research Corporation, SpectraPro-750i). 

An additional horizontal slit (0.1 mm width) in front of the 
monochromator enables the spatial resolution. A further lens 
is movable in steps of 0.05 mm which allows the axial scan of 
the discharge volume. The wavelength-selected light was then 
detected by a photomultiplier tube (Hamamatsu R928), and 
the converted signal was recorded by the digital oscilloscope 
with a temporal resolution of 0.1 µs.

In addition, the two-dimensional discharge development in 
the volume was imaged using a gated intensified charge-cou-
pled device (ICCD) camera (Princeton Instruments PI-MAX) 
with an effective spatial resolution of 0.04 mm and a max-
imum temporal resolution of 1 ns. In particular, the camera 
enables the observation of the discharge in lateral direction to 
investigate radial discharge inhomogeneities.

3. Overview of the multiple current pulse regime

This section is focused on the electrical characterization of the 
multiple current pulse regime in helium with small admixtures 
of nitrogen. Exemplary, the sine-wave feeding voltage Uext(t), 
the gap voltage Ugap(t), and the discharge current Idis(t) are 
plotted in figure 4 for one period of the discharge operated 
in helium with 2000 ppm nitrogen admixture at the voltage 
amplitude Ûext = 1.3 kV. For simplification, the calculation 
of the gap voltage in this section bases on the equivalent cir-
cuit in figure 3(a). For these conditions, five current pulses per 
half-period were observed. The first current pulse is clearly 

Figure 2. Sketch of the diagnostic setup: (a) electrical measurements, (b) surface charge diagnostics, (c) optical emission spectroscopy and 
(d) ICCD camera imaging.
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the largest but has the shortest duration which is correlated 
with the maximum slope of the feeding voltage in its zero-
crossing point. Note that the gap voltage at this time already 

exceeds 0.6 kV due to the additional electric field caused by 
surface charges deposited from previous breakdowns, which is 
referred to as the surface memory effect. In comparison to the 
first breakdown, the following current pulses are characterized 
by much smaller peak values and longer durations, wherein 
the last pulse occurs just before the applied voltage maximum 
is reached. After the large but fast drop in gap voltage during 
the first most intensive discharge breakdown, the applied 
voltage rises continuously wherefore the gap voltage that 
is required for discharge breakdown is reached again. The 
amount of transported and subsequently deposited charge per 
breakdown is not large enough to prevent further discharge 
breakdowns within the same half-period. The resulting drop 
in gap voltage can be obviously compensated for several times 
as long as the applied voltage increases, resulting in the mul-
tiple current pulse regime. However, the weak breakdowns are 
correlated with the decreasing voltage slope.

In figure 5, the charge-voltage plots (Lissajous figures) are 
shown for different nitrogen concentrations in helium back-
ground gas at an otherwise constant feeding voltage ampl-
itude. The overall amount of transported charge decreases 
with an increasing nitrogen admixture to helium. The reason 
is, that the duration of the current pulses is significantly shorter 
in spite of the enhanced effective ionization rate in the pres-
ence of nitrogen admixtures to helium. But, a further increase 
in the nitrogen content within the percentage range demands 
higher feeding voltage amplitudes for the discharge operation. 
This increase in voltage amplitude results in a monotonous 
increase in the amount of transported charge [29].

The variation of the feeding voltage amplitude or the 
nitrogen admixture to helium changes the number of current 
pulses per half-period, as depicted in the existence diagram in 
figure 6. The following observations were made under the pre-
sented discharge conditions: The increase in feeding voltage 
amplitude results in (i) a steeper voltage slope and thus in a 
shorter current pulse duration, (ii) an earlier compensation of 
the gap voltage drop after each discharge event, and (iii) a 
shift of the gas-specific breakdown voltage to an earlier phase 
of the sine-wave operation. In sum, the breakdown condition 

Figure 3. (a) Equivalent circuit diagram considering only the 
circular central electrode area and (b) equivalent circuit diagram 
considering the circular central electrode area and the surrounding 
ring. Further details are given in the text.

Figure 4. Applied voltage Uext(t), gap voltage Ugap(t) and 
discharge current Idis(t) for the multiple current pulse regime in 
He + 2000 ppm N2, Ûext = 1.3 kV.

Figure 5. Charge-voltage plots for the discharge in nominally pure 
He, in He with 1000 ppm N2 admixture and in He with 2000 ppm 
N2 admixture at otherwise constant feeding voltage amplitude of 
Ûext = 1.3 kV.
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is reached more often which corresponds to an increase in the 
number of current pulses per half-period.

The effect of the increasing nitrogen admixture on the 
number of current pulses is more complicated. At these low 
nitrogen admixtures, the Penning-ionization

N2 + Hem/Hem
2 → N+

2 + e− + He/2He, (7)

plays a key role in the ionization dynamics. It slows down 
the ionization dynamics and supports the lateral homogeniza-
tion of the diffuse discharge. On the one hand, the increase 
in nitrogen admixtures enhances the Penning-ionization rate, 
but on the other hand, the lifetime of helium metastable atoms 
Hem = He(33S) and molecules Hem

2 = He2(a3Σ+
u ) decreases. 

In addition, the electron impact excitation of Hem  becomes 
less effective due to the loss of high-energy electrons by exci-
tation of vibrational electronic levels of nitrogen molecules. 
Besides, the direct electron impact ionization of nitrogen mol-
ecules becomes more important for larger nitrogen admix-
tures. In general, due to the importance of electron-impact 
processes during the breakdown, the discharge current is 
determined by the gap voltage drop and vice versa. Probably, 
for the multiple current pulse regime observed here, the slow 
Penning-ionization still dominates, but the decreased meta-
stables lifetime results in a shortening of the discharge current 
pulses. Hence, less charges are transported during one current 
pulse and the drop in gap voltage is lower for larger nitrogen 
admixtures. Therefore, the ignition gap voltage is reached ear-
lier after a discharge current pulse and the number of current 
pulses per half-period increases.

Even in nominally pure helium (purity > 99.999%), the 
air impurity concentration is in the order of 100 ppm which 
enables a maximum of two discharge breakdowns per half-
period without external admixture of nitrogen. Finally, a 
further increase in feeding voltage amplitude or nitrogen con-
centration causes the transition to the microdischarge regime 
favored by (i) a steep voltage slope which allows the discharge 
ignition at over-voltage, and by (ii) a larger effective ioniz-
ation coefficient. Thus, the multiple stationary breakdowns 
represent the intermediate regime between the classical dif-
fuse barrier discharge with one current pulse per half-period 

and the non-homogeneous and non-stationary filamentary bar-
rier discharge. This was also observed for barrier discharges 
in helium-oxygen mixtures [30], where Penning ionization of 
oxygen dominates the discharge too, as well as in nitrogen-
oxygen mixtures [23, 36], where nitrogen metastable states 
are effectively quenched by oxygen.

4. Breakdown mechanism

This section reports on the breakdown mechanisms of the con-
secutive single discharge events in the multiple current pulse 
regime. Figure 7 shows the spatio-temporal discharge develop-
ment for a full sine-wave voltage period, comparing the opera-
tion in pure helium (purity > 99.999%) on the left side (figures 
7(a)–(c)) with the operation in helium with 2000 ppm nitrogen 
admixture on the right side (figures 7(d)–(f)). In both cases, the 
feeding voltage amplitude amounts to Ûext = 1.3 kV. In (a) 
and (d), the sine-wave feeding voltage Uext(t), the gap voltage 
Ugap(t) and discharge current Idis(t) are plotted. Starting with 
the discussion of the discharge operated in nominally pure 
helium, two breakdowns per half-period can be identified. The 
first breakdown is characterized by much larger current pulse 
and drop in gap voltage than the second breakdown. The latter 
is very weak and starts just before the feeding voltage ampl-
itude is reached. In (b), the spatio-temporal development of the 
optical emission is depicted for the band head of the first nega-
tive system (FNS) N+

2 (B
2Σ+

u → X2Σ+
g ) at 391.4 nm and for 

the transition He(33S → 23P) at 706.5 nm. Here, the emission 
of the N+

2  ion is taken because it is dominantly populated via 
Penning ioniz ation (equation (7)) by helium metastable states. 
Hence, it traces the helium metastables density. For compar-
ison, the He I line acts as an indicator for both high electric 
field and high electron density, and thus for a high ionization 
rate, because the electron-impact excitation of the helium 
ground state

He + e− → He(33S) + e− (8)

with the high excitation energy of 22.4 eV is the dominant 
production channel. Finally, figure 7(c) zooms into the He I 
emission of (b) for the first discharge breakdown.

Looking at the optical emission, both the N+
2  FNS band head 

and the He I line show a global emission maximum in front of 
the cathodic dielectric for the first breakdown and a local He 
I emission maximum near to the anodic dielectric during the 
second breakdown. Furthermore, the first breakdown reveals 
a cathode-directed development of the He I emission starting 
during the pre-phase in front of the anode. The results indicate 
that the first intensive discharge breakdown is glow-like. The 
glow-like discharge is characterized by significant distortion 
of the electric field across the gas gap due to positive space 
charge formation, resulting in the cathode fall region and the 
negative glow at the time of the current maximum [18, 37–39]. 
However, the second weak discharge breakdown is Townsend-
like. Typically, the Townsend-like discharge is operated in 
pure nitrogen, or in helium for small discharge gap widths 
[11, 19, 20, 40]. In Townsend-like discharges, the gradual 
charge carrier production is efficient enough for a breakdown 

Figure 6. Existence diagram for the multiple current pulse regime: 
number of stationary breakdowns depending on the N2 admixture to 
He and the applied voltage amplitude.
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at low electric fields without significant space charge forma-
tion, hence the electric field across the gas gap keeps nearly 
constant. Here, especially the flat feeding voltage slope and 
the enhanced secondary electron emission by residual ions 
and the Penning-ionization by metastable states from the first 
breakdown favor the formation of the second Townsend-like 
breakdown. The presence of residual species in the volume 
during the pre-phase of the second breakdown is indicated by 
the long-lasting optical emission in figure 7(b).

Taking a closer look on the discharge in helium with 
2000 ppm nitrogen admixture in figure  7(d), five current 
pulses were detected, wherein the first one is again much 
more intensive than the following ones. The current pulse 
duration is much shorter than for the discharge in nominally 
pure helium. This is caused by the decrease in the effective 
lifetime of helium metastable states participating in Penning 
ionization (7) of nitrogen admixtures, as already discussed in 
the previous section. With consideration of the rate coefficient 
kPI = 7 × 10−11 cm3 s−1 for Penning ionization of N2 [41–
44], and the total pressure of 500 mbar, the effective lifetime 
of Hem decreases from about 10 µs in helium (assumption of 
about 100 ppm nitrogen impurities) to less than 1 µs in helium 
with 2000 ppm nitrogen admixture. Moreover, compared to 
the discharge in helium, the optical emission in (e) and (f) 
reveals a faster propagation of the ionization front as well as a 
smaller extent of the cathode fall region for the first intensive 

breakdown. Regarding the following breakdowns, the ioniz-
ation front is slower and has its maximum farther away from 
the cathodic dielectric. For the last two breakdowns, the 
maximum in optical emission is clearly shifted towards the 
anode. Hence, there is a transition from the first breakdown 
operating in the glow mode to the last breakdown operating in 
the Townsend mode.

5. Lateral distribution of multiple breakdowns

This section reports on the two-dimensional discharge devel-
opment in the volume, the spatio-temporal development of the 
gap voltage, and the lateral surface charge distribution for the 
multiple current pulse regime of the diffuse discharge in He 
with a N2 admixture of 2000 ppm.

A first indication of the lateral discharge development yields 
from the results of the spatially resolved and temporally aver-
aged optical emission, as shown for the first three discharge 
pulses during the positive half period in figure  8. All three 
images have their maximal intensity in front of the cathode, 
which reflects the increase in electric field strength during 
the cathode-directed ionizing front. The increase in intensity 
towards the cathode is steeper for the discharge pulses P1 and 
P3, and flatter for P2. The position of the cathode (z = 0 mm) 
in figure 8 is defined using the reflexion edge of the emission 
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Figure 7. Spatio-temporal discharge development in nominally pure He (left) and in He with 2000 ppm N2 admixture (right) at the feeding 
voltage amplitude Ûext = 1.3 kV: (a) sine-wave feeding voltage Uext(t) and discharge current Idis(t) for one discharge period, (b) spatio-
temporally resolved emission of N+

2  first negative system (FNS) at 391.4 nm and He I at 706.5 nm, and (c) zoom into the spatio-temporal 
emission of He I for the first discharge breakdown.
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from the discharge pulses P1 and P3. The reflexion edge of 
discharge pulse P2 is less pronounced and shifted, which indi-
cates that the maximal intensity comes from an area outside 
the focus of the ICCD camera measurement.

Looking at the lateral distribution of the intensities, all 
current pulses have their maximum intensity at x = 0 mm. 
Because of the line of sight measurement, this does not imply 
that the maximal intensity of the discharge current pulse is 
actually on the symmetry axis of the discharge configuration. 
For a clearer statement, an Abel inversion would be necessary, 
but the gap spacers in the discharge configuration limit the 
lateral extension of the observation window.

Overall, the ICCD camera measurements cannot support 
the results from Mangolini et al that consecutive breakdowns 
per half-period appear in different radial symmetrical regions 
[26]. Therefore, the method of surface charge measurement is 
taken to confirm the results from Mangolini et al, which is dis-
cussed in the following. The laterally resolved surface charge 
measurement presented in figure 9(a) allows the calcul ation of 

the two-dimensional gap voltage distribution at a given time 
by equation (6), as shown in figure 9(b). Roughly two regions 
of different gap voltage values are visible. The inner circle 
which is given by the diameter of the aluminum mirror (com-
pare figure 1) shows an average gap voltage of about 250 V 
with a slight increase towards the left bottom corner. The cal-
culated gap voltage of the surrounding ring is much higher 
and up to 1400 V at the edge between the inner circle and 
the ring. Such a large voltage is not conceivable, a discharge 
would immediately ignite at this position. Hence, the calcul-
ation of the gap voltage is inappropriate for the outer ring.

The calculation of the static electric field strength distribu-
tion for the discharge cell configuration via COMSOL mul-
tiphysics® software, as presented in figure  10, explains this 
discrepancy. It shows a radial-symmetric sketch of the dis-
charge cell configuration. The amount of the electric field 
strength is indicated by the background color and the direc-
tion by the solid lines, respectively. For the inner part of the 
gas gap and the dielectrics (r � 7.5 mm), the electric field is 
homogeneous. Beyond the radius of the bottom electrode, this 
homogeneity is slightly distorted, but no field enhancement 
as calculated in figure 9(b) is visible. The reason is the wrong 
assumption of the model in equation (6), that the axial elec-
tric field in the BSO crystal is parallel to the symmetry axis 
of the discharge configuration. In contrast, the electric field 
lines in the BSO crystal are directed towards the grounded 
electrode in the center. Due to the complex electric field dis-
tribution for the outer ring, it is not recommended to calculate 
the gap voltage near the edges by equation (6). Therefore, the 
gap voltage in the outer ring is not considered in the further 
discussion. In contrast, the effect of distorted field lines on the 
surface charge density measurements is low due to much lower 
voltage drop Uext

BSO over the dielectric BSO. Furthermore, cali-
bration measurements minimize the influence of the applied 
voltage on the surface charge measurement [32]. Having both 
the spatially resolved surface charge density σ and the gap 
voltage Ugap, it is possible to compare these quantities for the 
subsequent discharge current pulses. Such laterally resolved 
measurements are shown in figure  11(a) for the discharge 
current pulses P1 to P5 during the positive half-period and 
in figure 11(b) for the discharge current pulses N1 to N5 of 
the negative half-period, respectively. Both figures each with 
three columns represent the absolute gap voltage |Ugap| and 
the surface charge density σ before the current pulse, as well 
as the change of surface charge density ∆σ during the dis-
charge current pulse. The spatially averaged values are shown 
in the respective top left corner, and the rows represent the five 
subsequent discharge current pulses.

In principal, the results for P1, P3, P4, N1, N2, and N3 
show a similar behavior. The surface charges deposited from 
a previous breakdown act as fingerprint for the gap voltage 
and re-ignition of the following breakdown [29, 32, 45]. This 
is clearly visible in the change of the surface charge density 
∆σ, calculated from the difference after and before the cur-
rent pulse. The most charges were transferred and deposited 
in regions where the gap voltage is highest.

P2, P5, N4, and N5 deviate from the description above. 
In fact, the gap voltage shows the same distribution as the 

Figure 8. (a) Applied voltage and discharge current of multiple 
diffuse breakdowns in helium with 2000 ppm N2 at 500 mbar.  
((b)–(d)) Corresponding temporally averaged optical emission of 
the first three discharge pulses.
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surface charge density before a current pulse, but these dis-
charge breakdowns do actually not occur in regions where the 
absolute value of the gap voltage has its maximum. In par-
ticular, this is clearly seen in case of P2. Here, the difference 
of surface charge ∆σ shows an annular structure. The reason 
might be the electric field enhancement at the electrode edge. 
A second hint could be the weak current at the end of the first 
breakdown which is very close to the second breakdown. The 
needed seed electrons for re-ignition of the second breakdown 
are probably provided by secondary electron emission by ions 
hitting on the cathode. An interpretation in the same manner 
is possible for the results in the change of the surface charge 
density in case of P5, N4, and N5.

Regarding the positive half-period, the discharge operates 
alternately at different concentric regions of the electrode, 
except for the second breakdown. These results are in agree-
ment with measurements performed by Mangolini et al where 
the discharge operates during two consecutive current pulses 
on different lateral regions of the electrode configuration [26]. 
In the negative half-period, the single breakdowns occur also 
at different regions of the electrode, but not alternately as in 
the positive half-period. The different diameters of the elec-
trodes and dielectrics are probably responsible for the dif-
ferent behavior in the positive and negative half cycle.

6. Comparison of spatially resolved measurements 
with global electrical description

In this section the results of the global gap voltage calculation, 
based on electrical equivalent circuit diagrams, are discussed 
with gap voltage determination from the spatially resolved 
surface charge measurements.

The global gap voltage is shown in figure 12 for different 
electrical equivalent circuits, as discussed in section 2.2. The 
gap voltage U•

gap bases on the equivalent circuit shown in 
figure  3(a). Here, it was assumed that the discharge is lim-
ited on the bottom electrode radius R1 = 7.5 mm. The gap 
voltage U•+◦

gap  is calculated for the extended equivalent circuit, 
as shown in figure 3(b). It considers a larger discharge area 
limited by the BSO crystal with a radius of R2 = 12.5 mm. 
U•

gap and U•+◦
gap  decrease fast and strongly during the first cur-

rent pulse but with a large difference in ignition voltage. U•
gap 

reaches after the breakdown the same value as before, which 
is necessary for the discharge re-ignition. In case of U•+◦

gap  the 
voltage value for re-ignition is higher than before. The gray 
colored area represents the gap voltage range between U•

gap 
and U•+◦

gap . The laterally averaged gap voltage Uσ
gap is calcu-

lated with equation (6) from the measured surface charge den-
sity and corresponds to the gap voltage shown in figure 11. 
Uσ

gap lies in between the curves from the equivalent circuits. 
Mostly, it is closer to the curve U•+◦

gap . Hence, the equivalent 
circuit in figure 3(b) is more appropriate to estimate the gap 
voltage from the global external quantities, because it shows 
that the ignition voltage increases for the subsequent current 
pulses. One explanation might be the removal of weakly bound 
surface electrons deposited during the previous breakdowns. 
As a consequence, the pre-ionization before and secondary 
electron emission during the breakdown should be reduced.

The development of the spatially averaged charge Q 
deposited on the BSO crystal is shown in figure  13. The 
transported charge Qdis during a breakdown results from the 
temporally integrated net current Idis, which is also shown 
in figure 13. The different curves representing Q base on the 

Figure 9. Lateral distribution of (a) surface charge density and (b) spatially resolved gap voltage across the bottom dielectric area including 
the centered bottom electrode area. Both were recorded at t = −10.6 µs; compare figure 4.

Figure 10. Static electric field distribution for the discharge cell 
configuration calculated with COMSOL multiphysics. The applied 
voltage is 1.3 kV.
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same surface charge measurement, which is performed on 
the entire dielectric. However, Q•

square and Q• are averaged on 
an estimated discharge area, which was used in [32]. Q•

square 
is averaged on a centered square with 8.2 mm × 8.2 mm 
side length. The amount of the surface charge on that area 
was extrapolated on the area of the grounded electrode 
(∅ = 15 mm, A = 1.77 cm2) to calculate the total amount 
of charge deposited on the dielectric surface. For this pur-
pose, the assumption of a homogeneous surface charge dis-
tribution was made. Instead, Q• mirrors the surface charge 
measurement on the entire grounded electrode area without 
any extrapolation. Both Q• and Q•

square show a good quali-
tative agreement for the complete period, but the absolute 
values are much lower than the transferred charge Qdis. In 
particular, the second current pulse is scarcely depicted. The 
comparison of the transported charge Qdis with the surface 
charge Q•+◦ deposited on the entire dielectric is in good 
qualitative agreement. This supports the assumption that the 
remaining surface charge is deposited on the outer dielectric 
ring of the discharge cell configuration. But for Q•+◦, a dis-
crepancy exists for the two first discharge current pulses in 
both polarities. The amount of deposited surface charge Q•+◦ 

Figure 11. (a) Measurement times P1, ..., P5 in positive half-period. (b) Measurement times N1, ..., N5 in negative half-period. Left 
column: surface charge density σ, middle column: absolute gap voltage |Ugap|, right column: change of surface charge density ∆σ due to a 
current pulse.

Figure 12. Comparison of different gap voltage calculations. 
The gap voltage U•

gap bases on the equivalent circuit shown in 
figure 3(a). The voltage U•+◦

gap  is calculated for the extended 
equivalent circuit shown in figure 3(b). The gap voltage Uσ

gap 
bases on the surface charge measurement performed on the entire 
electrode. The gray area marks possible gap voltages between these 
two models. The discharge is operated in helium with an admixture 
of 2000 ppm nitrogen at 500 mbar. The applied voltage amplitude 
is 1.3 kV.
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increases significantly when the first current pulse becomes 
rather weak at the end, and it is too low for the second cur-
rent pulse. This deviation might be due to the electric field 
enhancement at the edge of the grounded electrode edge, as 
shown in figure 10. Despite careful measurements and esti-
mations, the electric field enhancement in the region of the 
edge could adversely affect the surface charge measurement. 
But all in all, the outer dielectric ring must be considered for 
surface charge deposition which improves the surface charge 
measurement qualitatively and quantitatively.

7. Conclusions

The presented paper is a consistent extension of the authors 
previous works. The experimental setup, especially the dis-
charge cell configuration, was improved allowing the joint 
investigation of volume and surface processes of a barrier 
discharge (BD) operated in the multiple current pulse regime 
under well-defined and identical conditions. In particular, the 
optical emission spectroscopy and ICCD imaging allow the 
measurement of the spatio-temporal and spectrally resolved 
discharge development in the volume, whereby conclusions 
can be drawn about the breakdown mechanism of the dis-
charge. The laterally and temporally resolved development of 
surface charges on the BSO crystal is investigated with the 
help of the electro-optic Pockels effect. The investigations are 
completed by electrical measurements.

The diffuse discharge was systematically investigated 
in helium with nitrogen admixtures for a plane-to-plane 
configuration with a gap distance of 3 mm. Depending on 
the nitrogen content and the applied voltage amplitude, 
the number of current pulses per half-period varies. For 
a low voltage amplitude only one discharge current pulse 
appears which operates in the glow-like discharge mode. 

An increase of the applied voltage results in a multiple cur-
rent pulse regime. For this regime, the first current pulse is 
glow-like, hence, the intensity maximum is located in front 
of the cathode. The maximum emission intensity in the gap 
is shifted with a higher number of current pulses towards 
the anode and becomes weaker. The last current pulse is 
Townsend-like. Comparing a discharge in helium-nitrogen 
mixtures with a discharge operated in pure helium, the cur-
rent pulse duration is shorter and the gap voltage drop is 
reduced. One reason is a decrease of the effective lifetime 
of helium metastable states participating in Penning ioniz-
ation. The higher the nitrogen admixture to helium the faster 
is the propagation of the ionization front and the shorter 
is the cathode fall region for the first breakdown. Further 
breakdowns last longer and their optical emission is shifted 
towards the anode indicating the transition to a Townsend-
like discharge.

The surface charge measurement on glass as di electric 
was successfully established with a high sensitivity. 
Furthermore, the improved design of the discharge cell con-
figuration enabled the surface charge measurement on the 
entire dielectric. It turned out that the discharge ignites on 
different areas depending on the previous surface charge 
distribution and spatial gap voltage distribution. Two lat-
eral structures are preferred: The discharge ignites either 
in the center of the electrode arrangement or ring-shaped 
close to the edges of the metallic electrode. Besides, the 
phase resolved surface charge development is correlated 
with the net current. For the multiple current pulse regime, 
the laterally integrated phase resolved development of the 
surface charge shows a good agreement with the temporally 
integrated net current when the entire dielectric area is con-
sidered. This shows the importance to pay attention on the 
complete area of the electrode arrangement. Furthermore, 
the different spatial distribution of the discharge cur-
rent pulses inhibits a calculation of the spatio-temporally 
resolved gap voltage based on an appropriate electrical 
equivalent circuit. In particular, the edges of the electrodes 
provide lateral field components which cannot be consid-
ered by simple equivalent circuits. The comparison of the 
spatially resolved gap voltage and surface charge shows 
that the field enhancement by residual surface charges is the 
main reason for the lateral distribution of the first discharge 
current pulse (surface memory effect). But the subsequent 
current pulses do not always follow the surface charge dis-
tribution. Here, the electric field distortion at the edges of 
the electrodes or metastables from the previous discharge 
current pulses become important.

Acknowledgment

The authors thank Hans-Erich Wagner for the important ideas 
leading to this work and for his fruitful discussions. The 
work was supported by Deutsche Forschungsgemeinschaft, 
Collaborative Research Centre 24 (TRR24) ‘Fundamentals of 
Complex plasmas’, project B11.

Figure 13. Temporally integrated net current Idis and phase 
resolved surface charge for different discharge areas. Q•

square is 
averaged on a square with 8.2 mm × 8.2 mm side length and 
extrapolated on the area of the grounded electrode. Q• covers the 
grounded electrode with a diameter of 15 mm. Q•+◦ is measured on 
the entire dielectric. The applied voltage is 1.3 kV. The discharge 
is operated in helium with an admixture of 2000 ppm nitrogen at 
500 mbar. The applied voltage is 1.3 kV.
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1. Introduction

Atmospheric-pressure barrier discharges (BDs) typically 
operate in the microdischarge (MD) regime, which is char-
acterized by arbitrarily distributed filament-like breakdowns 
on the nanosecond time scale. Unlike the controlled operation 

of laterally diffuse BDs, which has been possible for the last 
three decades [1–3], MDs in atmospheric air have already 
been used since the 19th century in ozone generators, e.g. for 
the disinfection of drinking water [4, 5]. Due to the dielectric-
covered electrodes, the transition to arc discharges is avoided, 
and non-equilibrium plasmas are generated even at elevated 
pressures. Thereby, a variety of reactive species is provided, 
such as hot electrons, radicals and photons in the VIS and UV 
range [6–8]. Nowadays, further applications benefit from the 
high chemical reactivity at a low gas temperature, especially 
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Abstract
Single self-stabilized discharge filaments were investigated in the plane-parallel electrode 
configuration. The barrier discharge was operated inside a gap of 3 mm shielded by glass 
plates to both electrodes, using helium-nitrogen mixtures and a square-wave feeding voltage 
at a frequency of 2 kHz. The combined application of electrical measurements, ICCD camera 
imaging, optical emission spectroscopy and surface charge diagnostics via the electro-optic 
Pockels effect allowed the correlation of the discharge development in the volume and on the 
dielectric surfaces. The formation criteria and existence regimes were found by systematic 
variation of the nitrogen admixture to helium, the total pressure and the feeding voltage 
amplitude. Single self-stabilized discharge filaments can be operated over a wide parameter 
range, foremost, by significant reduction of the voltage amplitude after the operation in the 
microdischarge regime. Here, the outstanding importance of the surface charge memory effect 
on the long-term stability was pointed out by the recalculated spatio-temporally resolved gap 
voltage. The optical emission revealed discharge characteristics that are partially reminiscent 
of both the glow-like barrier discharge and the microdischarge regime, such as a Townsend 
pre-phase, a fast cathode-directed ionization front during the breakdown and radially 
propagating surface discharges during the afterglow.
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the surface treatment of heat-sensitive materials in biology 
and medicine [9, 10]. Recently, the immense potential of BDs 
for life-science has received significant attention.

Although MDs have been known for long time and have 
extensively been used for applications, the discharge mech-
anism was first well understood when sophisticated diagnostic 
tools were accessible. The MD breakdown is strongly deter-
mined by a high ionization rate and a significant space charge 
formation in the volume, as well as by the interaction between 
the discharge species and the electrically charged dielectric-
covered electrodes. Hence, both diagnostics of the volume 
and surface processes under identical discharge conditions are 
needed for a comprehensive description.

High-quality investigations of the discharge development 
in the volume became possible by cross-correlation spectr-
oscopy based on single-photon counting [11–13], and streak 
camera imaging [14–16], both providing a high sensitivity 
and sub-nanosecond resolution. In particular, the spectral as 
well as spatio-temporal measurement of the optical emission 
in combination with a collision-radiation model enabled the 
determination of the two-dimensional electric field develop-
ment during MD breakdown. Three characteristic phases 
were identified: (i) Townsend pre-phase of μs duration, (ii) 
fast cathode-directed streamer marking the breakdown on the 
ns time scale and (iii) radially propagating surface discharges 
during the post-phase. However, these optical diagnostics 
require accumulation over many discharge cycles. Therefore, 
the investigation of the volume discharge has been restricted 
to semi-spherical electrodes that allow us to localize the peri-
odic breakdown of a single MD. Besides, multi-dimensional 
simulations indicate the role of the photo-ionization and photo 
effect for the fast streamer propagation, and the importance of 
residual surface charges for the localized discharge re-ignition 
[17–20].

Besides the indication of the surface charges and their 
binding energies by thermally or optically stimulated cur-
rent and thermoluminescence measurements [21–23], funda-
mental knowledge about the influence of surface charges on 
BD mechanisms has foremost been achieved by a diagnostic 
technique based on the electro-optic Pockels effect of a bis-
muth silicon oxide (Bi12SiO20) crystal [24–26]. The surface 
charge memory effect was qualitatively proved for the re-
ignition behavior of multiple MDs [27, 28] and for the long-
term stabilization of laterally patterned BDs [30, 31]. It was 
shown that positive and negative surface charges accumulate 
in Gaussian profiles on the dielectrics as the footprints of a 
filamentary breakdown. This favors the conservation of the 
breakdown position due to the local enhancement of both the 
electric field across the gas gap and the effective secondary 
electron emission. Moreover, the decay and lateral transport 
of surface charges happens on the second to minute time scale, 
which clearly exceeds the typical discharge cycle [28, 32].  
However, this powerful diagnostic tool is restricted to plane 
electrode configurations.

Despite the scope of knowledge gained during the last few 
decades using complementary electrode configurations, the 
investigation of MDs in the volume as well as on the di electric 
surfaces using one configuration and identical conditions is 

still missing. That is why the present work is focused on the 
comprehensive characterization of a single self-stabilized dis-
charge filament in the plane-parallel electrode configuration. 
It allowed the combined application of electrical, optical and 
surface charge diagnostics. In this context, the helium-nitrogen 
mixture, the total pressure and the feeding voltage amplitude 
were systematically varied in order to study the formation and 
stabilization criteria and related existence regimes. As a high-
light, the breakdown mechanism in the volume was correlated 
with the surface charge dynamics on the dielectrics.

The outline of this article is as follows. The experimental 
setup and the diagnostics are briefly introduced in section 2. 
Section 3 presents the formation procedure to obtain single 
self-stabilized discharge filaments. Section 4 is focused on the 
correlation of the discharge development in the volume and on 
the dielectric surfaces. Finally, the importance of the volume 
and surface memory effects for the self-stabilization of the 
discharge filament is discussed in section 5.

2. Experimental setup and diagnostics

2.1. Discharge configuration

A sketch of the plane-parallel discharge configuration is 
depicted from the side-view in figure  1. The high-voltage 
driven copper ring was connected with the electrically con-
ductive and optically transparent indium tin oxide (ITO) layer 
coated on a float glass plate (thickness of 0.7 mm, permit-
tivity of 7.6). The bismuth silicon oxide (Bi12SiO20) crystal 
(thickness of 0.7 mm, permittivity of 56) was placed on the 
grounded aluminum mirror and allows the measurement of 
surface charges via the electro-optic Pockels effect. As a new 
feature compared to previous investigations [27, 28], the sur-
face charge diagnostics were extended to common transparent 
dielectrics covering the BSO crystal, as reported in [29]. In the 
present experiment, borosilicate glass (thickness of 0.2 mm, 
permit tivity of 6.7) was used, resulting in the most symmetric 
discharge behavior comparing both half-cycles of the applied 
voltage. The discharge gap was set to 3 mm by insulating gap 
spacers made of polyether ether ketone (PEEK).

2.2. Vacuum system and gas supply

The discharge cell was placed inside a vacuum chamber made 
of stainless steel. The chamber was evacuated to a base pressure 
below 10−5 mbar before the operating gas was directly sup-
plied into the discharge volume. Well-defined helium-nitrogen 

Figure 1. Sketch of the discharge configuration from the side-view.
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mixtures with a respective purity of >99.999% were realized 
by adjusting the gas flow rates using two mass flow control-
lers. The total flow rate was 100 sccm. Note that it was pos-
sible to add oxygen in the same way. The total pressure was 
varied between 100 mbar and 1 bar and then kept constant in 
the flowing regime by a diaphragm pressure gauge (MKS) in 
combination with a butterfly valve (MKS) and a process pump 
(TRIVAC D25BCSPFPE).

2.3. Electrical measurements

The diagnostic setup in figure  2 allowed the simultaneous 
application of (a) electrical measurements, (b) surface charge 
diagnostics, (c) optical emission spectroscopy and (d) ICCD 
camera imaging at one electrode configuration under identical 
conditions.

The square-wave feeding voltage Uext(t) at the frequency of 
2 kHz was provided by a function generator (SRS DS345) in 
combination with a voltage amplifier (Trek 615-10, amplifica-
tion of 1:1000), measured via a HV probe (Tektronix P6015A, 
1000:1), and connected to the upper electrode. Applying a 
square-wave signal, the amplifier provides a voltage slope of 
about  ±250 V μs−1, see also [29]. Moreover, the total trans-
ported charge Qext(t) was measured via an external capacitor 
(Cext = 1.2 nF). The signals were processed by a digital oscil-
loscope (ROHDE&;SCHWARZ RTO1024). Based on the 
equivalent circuit introduced in [33], the spatially averaged 
gap voltage

Ugap(t) =
(

1 +
Cpar

Cdie

)
Uext(t)−

1
Cdie

Qext(t), (1)

the actual discharge current without the displacement current 
through the dielectrics and the gas gap,

Idis(t) =
(

1 +
Cgap

Cdie

)(
dQext(t)

dt
− Ctot

dUext(t)
dt

)
 (2)

and the time-integral of the discharge current, which corre-
sponds to the surface charge dynamics

Qsur(t) =
(

1 +
Cgap

Cdie

)
(Qext(t)− Ctot Uext(t)) , (3)

were calculated. Here, Cgap and Cdie are the calculated 
capacitances of the discharge gap and the di electrics, 
respectively. Moreover, Ctot is the total capacitance deter-
mined from the flat slope of the Qext(Uext) plot, and 
Cpar = Ctot − CgapCdie/(Cgap + Cdie) considers the surround-
ings beyond the lateral discharge area.

2.4. Surface charge diagnostics

Surface charges were measured via the electro-optic Pockels 
effect of the BSO crystal. Figure  2(b) shows the optical 
setup. First, the LED light (λ = 634 nm) was homogenized 
by passing the Köhler illumination system and then it was 
diverted in the direction of the discharge cell by a linearly 
polarizing beam splitter. Following this path, the LED light 
became elliptically polarized by a λ/8 wave plate, expanded 
by a telescopic system, and finally passed the discharge cell 
twice, due to the reflection at the grounded aluminum mirror. 
Finally, the light intensity was detected by a CCD camera 
(Miro 4ex). During the discharge operation, the voltage drop 
across the BSO crystal, caused by the deposited surface 
charges (Uσ

BSO) and the applied voltage (Uext
BSO), induces a bire-

fringence and thus an additional change in the polarization of 
the LED light. As a result, the detected light intensity depends 
on the amount and polarity of the deposited surface charge. 
The final formula for the calculation of the spatio-temporally 
resolved surface charge density reads

σsur(x, y, t) =
ε0εBSO

dBSO

(
Imeas

Iref
− 1

)(
Uext

BSO +
1
2k

)
. (4)

Here, ε0, εBSO and dBSO are the electric field constant and the 
permittivity and thickness of the BSO crystal, respectively. 
Imeas(Uext

BSO, Uσ
BSO) denotes the measured intensity during 

the discharge operation. The reference intensity Iref(Uext
BSO) 

without any discharge is obtained from a calibration mea-
surement. The proportionality factor k is determined from the 
linear dependence of Iref on Uext

BSO. Further details are given in 
[27, 29].

Moreover, the measurement of the surface charge density 
distribution with respect to the phase of the feeding voltage 
Uext(t) allowed the calculation of the spatio-temporally 
resolved gap voltage

Ugap(x, y, t) =
Cpx

die

Cpx
die + Cpx

gap
Uext(t)−

Apx

Cpx
die

σsur(x, y, t). (5)

Here, the observation area detected per pixel of the CCD 
camera chip was Apx = 4 x 10−5 cm2. Especially in the case 
of a filamentary barrier discharge, the gap voltage changes 
drastically over the electrode area.

Figure 2. Setup of the diagnostics: (a) electrical measurements,  
(b) surface charge diagnostics, (c) optical emission spectroscopy 
and (d) ICCD camera imaging.
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2.5. Optical emission spectroscopy

The optical emission from the discharge was depicted by a 
vertically moveable lens onto the entrance slit of a mono-
chromator (Acton Research Corporation, SpectraPro, focal 
length of 750 mm) and detected by a photomultiplier tube 
(Hamamatsu R928). By means of a 1800−1 mm grating, a 
spectral resolution of 0.5 nm was achieved. A horizontal slit 
(0.1 mm width) was placed in front of the monochromator and 
the lens was moved in steps of 0.05 mm, which allowed the 
axial scan of the discharge gap width of 3 mm. The digital 
oscilloscope recorded the photomultiplier signal with a tem-
poral resolution down to 10 ns.

2.6. ICCD camera imaging

In addition, the discharge volume was depicted using a gated 
intensified charge-coupled device (ICCD) camera (Princeton 
Instruments PI-MAX). The 1:3 imaging via an external lens 
onto the camera chip (512 × 512 pixel and 0.12 mm/pixel 
spatial resolution) provided an effective spatial resolution of 
0.04 mm. The maximum temporal resolution of 1 ns allowed 
fast 2D imaging of the filamentary discharge breakdown.

3. Operation of a single discharge filament

3.1. Formation procedure

Two different procedures were identified that allow the for-
mation of single self-stabilized discharge filaments. First, 
after the He/N2 discharge was already operated in the micro-
discharge (MD) regime, the reduction of the feeding voltage 
amplitude leads to the stabilization of several self-organized 
discharge filaments. Finally, a single self-stabilized discharge 
filament remains. This procedure is shown in figure 3(a) by 
discharge current profiles and photographs from the side-
view (averaged over ten voltage periods) of the filamentary 
discharge in He with 10 vol.% N2 admixture at the total pres-
sure of 1 bar. Here, most notable is the transition from the 
non-stationary MD current pulses of about 100 ns duration 
at 3.2 kV to one stable current pulse of about 1 μs duration 
for several synchronously occurring discharge filaments at 
2.6 kV. The simultaneous ignition of the discharge filaments 
is characteristic for patterned BDs usually operated at lower 
pressures [30, 31, 34]. This is favored by the steep slope of the 
square-wave feeding voltage (or high-frequency sine-wave 
feeding voltage) and by similar charge amounts deposited 
by each of the discharge filaments. Due to the comparatively 
slow discharge development on the microsecond time scale, 
the desorption of electrons from the cathodic dielectric by the 
initial photons might trigger multiple discharge events [35]. 
Moreover, the photographs indicate the arbitrary distribution 
of MDs at 3.2 kV and an axial discharge structure, as well 
as broadened footprints on the dielectrics in the case of the 
self-stabilized discharge filaments at 2.6 kV and 2.2 kV. Note 
that the single discharge filament operates at a voltage ampl-
itude that is about 1 kV lower than the initial ignition voltage. 
It indicates that the residual surface charges significantly 

contribute to the effective electric field across the gas gap. 
Hence, the local surface charge distribution seems to be the 
key for understanding the self-stabilization of discharge fila-
ments at low voltage amplitudes.

The second procedure is starting from the diffuse glow-
like discharge in helium at a fixed total pressure of 500 mbar 
and a feeding voltage amplitude of 0.8 kV. As shown in 
figure 3(b), admixing at least 0.2 vol.% N2 to He leads to the 
constriction of the diffuse discharge in a lateral direction and, 
finally, to the formation of a single self-stabilized discharge 
filament. Following this mode transition, the discharge cur-
rent maximum rises but the pulse duration decreases, again 
ending up with the typical characteristics of a single discharge 
filament as described above. It is striking that the breakdown 
onset is shifted to earlier times with increasing N2 admixture 
to He at otherwise equal feeding voltage amplitude, which 
indicates an enhanced pre-ionization. The admixture of N2 
enhances the effective ionization coefficient αeff  due to the 

Figure 3. Formation procedures for single self-stabilized discharge 
filaments: discharge current and photographs from the side-view 
(averaged over ten voltage periods) of the square-wave driven 
discharge in (a) He with 10 vol.% N2 admixture at a pressure of  
1 bar for different feeding voltage amplitudes Ûext and (b) He with 
different N2 admixtures at a pressure of 500 mbar and a feeding 
voltage amplitude of Ûext = 0.8 kV.

J. Phys. D: Appl. Phys. 50 (2017) 415206

7 Thesis Articles

88



R Tschiersch et al

5

Penning ioniz ation of N2 via He metastable states [29, 36, 37]. 
This process favors the space charge formation and the corre-
sponding electric field distortion, but it is too slow to initiate 
streamer breakdown. In turn, the increase in effective ioniz-
ation is associated with the decrease in radius of the charge 
carrier avalanches, r ≈ α−1

eff  in first approximation, which may 
explain the constriction of the discharge.

3.2. Existence regimes

After the discussion of exemplary parameter sets allowing 
the formation of single self-stabilized discharge filaments, 
in the following, the existence regimes are presented, which 
were obtained by systematic variation of the He/N2 mixture, 
total pressure and feeding voltage amplitude. In figure 4(a), 
the existence of diffuse and filamentary discharge modes is 
plotted depending on the feeding voltage amplitude and the 
N2 admixture to He. Here, the total pressure was fixed to 
500 mbar in order to limit the applied voltage that is necessary 
for the discharge operation at large N2 admixtures. As is well 
known, the diffuse glow-like BD occurs in pure He, as well 
as in He with small N2 additives at moderate voltage ampl-
itudes. However, at larger N2 admixtures and at over-voltage 
indicated by open circles, the discharge is initially operated 
in the MD regime. When the feeding voltage is reduced after 

the initial discharge ignition, stable filament patterns and, near 
to critically low voltage amplitudes marked by solid circles, 
single discharge filaments can be operated over a wide range 
of the N2 admixture. Once a sufficient ionization rate caused 
the filamentation of the discharge by admixing at least about 
0.2 vol.% N2 to He, the stabilization mechanism of the dis-
charge filaments seems to be independent of the gas system. 
The transition region between the MD regime and self-
organized discharge filaments is characterized by the super-
position of a few MDs and a rotating filament pattern. The 
associated transition voltage resulting only in MDs is indi-
cated by crosses and, however, is sharply defined. It does not 
reveal a significant hysteresis with respect to the initial igni-
tion voltage for MDs marked by open circles.

Moreover, in figure 4(b), the existence diagram is plotted 
by the feeding voltage amplitude versus the total pressure 
between 100 mbar and 1 bar. Here, the admixture of 10 vol.% 
N2 to He was fixed, which allows the formation of stable 
discharge filaments. Just as observed for the variation of the 
N2 admixture, stable filaments can be operated below the 
initial ignition voltage over the entire range of total pres-
sure, which again proves the independence of the stabili-
zation mechanism from specific gas properties. Note that 
the voltage interval for the patterned and single discharge 
filaments increases from ∆Uext ≈ 0.3 kV at 100 mbar to 
∆Uext � 1 kV at 1 bar, which is the same trend as for the 
increasing N2 admixture in figure 4(a). This is an indication 
of the outstanding importance of the residual surface charge, 
which increases with rising pressure and N2 admixture, for 
the localized re-ignition of discharge filaments and thus for 
their long-term stability.

Figure 5 shows the influence of (a) the N2 admixture to 
He and (b) the total pressure on the spatial dimensions of a 
single self-stabilized discharge filament based on averaged 
photographs from the side-view. In (a), the total pressure of 
500 mbar was fixed and the feeding voltage was close to the 
respective maintaining voltage in figure 4(a). For increasing 
N2 admixture from up to 50 vol.%, the average diameter of the 
discharge channel does not remarkably change, but the lat-
eral extent of surface discharges on both dielectrics increases 
significantly. Note that the overall extent of the surface dis-
charges at 50 vol.% N2 additive could not be recorded, due to 
the limitations of the orifice into the discharge cell. Thus, it is 
indicated by a dashed line reflecting the recorded side. Indeed, 
the same characteristics are observed for the rising total pres-
sure in (b). Here, the admixture of 10 vol.% N2 to He was fixed 
and the operating voltage is associated with the existence 
regime in figure 4(b). Both with increasing N2 admixture and 
total pressure, the amount of transported and subsequently 
deposited charge increases as well. Since the average channel 
diameter keeps nearly constant, the localized increase in the 
surface charge amount causes a larger electric field gradient 
in the lateral direction and, thereby, the larger extent of the 
following surface discharges. Not least due to the averaging 
over several discharge cycles, the photographs in figure 5 only 
allow the rough estimation of the filament diameter in the 
sub-millimeter range. For comparison, detailed investigations 
on the streamer breakdown in nitrogen and argon revealed a 

Figure 4. Existence of diffuse and filamentary discharge modes 
depending on both the applied voltage amplitude and (a) the N2 
admixture to He at a fixed total pressure of 500 mbar and (b) the 
total pressure at a fixed gas mixture of He with 10 vol.% N2. The 
crosses and the filled or empty circles mark the initial ignition 
voltage, the minimum voltage for maintaining the discharge and the 
mode transition voltage, respectively.
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changing diameter between about 50 μm and 150 μm along 
the symmetry axis of the discharge filament [38].

4. Discharge development

4.1. Townsend pre-phase

After the phenomenological description, now the focus 
is on the discharge physics starting with the pre-phase. 
In figure  6, the applied voltage Uext(t), the averaged gap 
voltage Ugap(t), the discharge current Idis(t) (top) and the 
spatio-temporal evo lution of the He emission at 706.5 nm 
(bottom) are depicted during the pre-phase of the self-stabi-
lized discharge filament operated in He with 10 vol.% N2 at 
atmospheric pressure. The gap voltage clearly exceeds the 
applied voltage, due to the additional electric field caused 
by residual surface charges. Since the discharge current 
rises gradually, there is still no significant space charge for-
mation and corresponding dist ortion of the electric field, 
wherefore this phase is referred to as the Townsend pre-
phase. The microsecond time scale of the pre-phase clearly 
exceeds the effective lifetime of the radiative He(33S) state 
that is dominantly populated by electron-impact. Thus, the 
measured He(33S → 23P) emission intensity follows the 
electron density profile

ne(z) = ne(z = 0) exp[αeff(E/n)z]. (6)

Starting at the cathode with ne(z = 0), the electron density 
ne(z) rises exponentially towards the anode, according to the 
effective ionization coefficient αeff  that is determined by the 
reduced electric field strength E/n. At a fixed time during 
the Townsend pre-phase, the electric field across the gas gap 
is approximately constant. Fitting the axial profile of the He 
emission according to equation (6) yields αeff = 4.2(2) mm−1 
as the average value for the temporal window between 
253.5 µs and 254.5 µs. The increase in gap voltage during 

this temporal window causes no remarkable trend in αeff , 
hence the change is smaller than the standard deviation. The 
ionization factor αeff × g at the anode (z = g = 3 mm) yields 
12–13. While coming closer to the breakdown, the growing 
space charge and corresponding enhancement of the local elec-
tric field may result in the critical value of αeff × g ≈ 18–20  
that is necessary for streamer breakdown according to Meek’s 
criterion. Besides, a Townsend pre-phase of μs duration was 
also observed for the MD regime in air [12, 16], as well as for 
the glow-like BD in He [29].

4.2. Breakdown mechanism

Figure 7 shows the ICCD camera images from the side-view 
at different times (a)–(i) (indicated above) during the develop-
ment of two self-stabilized discharge filaments operating in He 
with 10 vol.% N2 additive at a pressure of 1 bar . The exposure 
time of the camera was set to 2 ns, whereas the temporal jitter 
of the discharge comparing consecutive voltage periods was 
up to 10 ns. Note that the breakdown onset is influenced by 
small deviations in the residual surface charge amount and by 
the statistical time of effective electron generation. However, 
due to the overall sub-μs time scale of the discharge develop-
ment, the characteristic discharge phases could be separated 
despite this temporal jitter.

First, the Townsend pre-phase is well-localized, as indi-
cated by the weak optical emission in front of the anode (a), 
(b). Then, when a critical space charge has built up in front 
of the anode, a thin ionization channel closes across the gas 
gap (c). The propagation of the cathode-directed ioniz ation 
front is faster than the temporal jitter of the discharge up to 
10 ns, which is similar to the streamer propagation of a micro-
discharge breakdown reaching velocities of 1 mm × ns−1  
[12, 15, 16]. It is striking that one of the two discharge fila-
ments ignites some tens of nanoseconds earlier. Most likely, 
small deviations in the amounts of deposited surface charges 
or in the gas flow rate influence the discharge re-ignition 
behavior. As already mentioned, the first breakdown might 

Figure 5. Photographs from the side-view (averaged over ten 
voltage periods) of a self-stabilized discharge filament: (a) for 
different N2 admixtures to He within the corresponding existence 
regime in figures 4(a) and (b) for different total pressures within  
the corresponding existence regime in figure 4(b).

Figure 6. Townsend pre-phase of the self-stabilized discharge 
filament. Top: feeding voltage Uext(t), average gap voltage Ugap(t) 
and discharge current Idis(t). Bottom: spatio-temporal evolution 
of the He emission at 706.5 nm. Operating conditions: He with 
10 vol.% N2, p = 1 bar, Ûext = 2.5 kV.
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trigger the second one by the photo-desorption of surface 
electrons [35]. Once the initial ionization channel has formed, 
an axial structure builds up that is typical for the glow-like dis-
charge until the current maximum is reached, (d)–(g). Starting 
at the cathode, a negative glow is followed by Faraday dark 
space, a positive column and anode glow [39]. At this time, a 
weak optical emission intensity is recorded in the surrounding 
regions too, which indicates the presence of electrons there. 
Finally, the discharge post-phase is characterized by a long-
lasting optical emission inside the discharge channel and 
radially propagating surface discharges on both dielectrics, 
(g)–(i). Again, the surface discharges are typical for the MD 
development.

In figure  8, Abel inversion of the ICCD camera images 
allows us a closer look at the radial development of the sur-
face discharges during the afterglow. Note that the discharge 
conditions are exactly the same as in figure  7. The lateral 
propagation is annular on the cathodic dielectric. Here, the 
constricted ionization front accumulates positive surface 
charges resulting in a high lateral electric field gradient. 
Note that the surface discharge on the anodic dielectric is 
slightly slower and lasts noticeably longer. Most likely, this 
is due to the wider accumulation of negative surface charges, 
which does not cause as high electric field gradients as on the 
cathodic dielectric.

4.3. Electric field development

Figure 9 shows (a) the discharge current profile, (b) the spatio-
temporal evolution of the He emission at 706.5 nm and (c) the 
intensity ratio of the He emission at 667.8 nm and 728.1 nm 
during the breakdown of the self-stabilized discharge fila-
ment. The He emission in (b) reveals the Townsend pre-phase, 
the negative glow, Faraday dark space, positive column and 
anode glow at the maximum discharge current, as well as 
the long-lasting afterglow. Note that the anode glow is even 
more intensive than the negative glow. Except the filamentary 
appearance and the surface discharges on the dielectrics, the 
similarities are obvious between the breakdown mechanisms 
of a self-stabilized discharge filament in He/N2 mixtures and 
the diffuse glow-like BD typically operating in nominally 
pure He.

From the literature, it is known [40] that the ratio between 
the intensities of the He singlet transitions at 667.8 nm and 
728.1 nm in figure  9(c) is a measure of the local electric 
field, if the predominant population of the corresponding 
radiative states He(31D) and He(31S) by electron-impact 
excitation from the He ground state is ensured. First, col-
lisional-induced conversion from the metastable singlet state 
He(21S) to the slightly less energetic metastable triplet state 
He(23S) is much more efficient than vice versa. Second, both 
metastable states are effectively quenched by nitrogen mol-
ecules via Penning ionization, according to the rate coefficient 
kPI = 5 × 10−11 cm3 s−1 [37]. The additive of 10 vol.% N2 to 
He at the total pressure of 1 bar  corresponds to a nitrogen den-
sity of nN2 ≈ 2 × 1018 cm−3. Under these conditions, the life-
time of He metastable states is τHem ≈ (kPInN2)

−1 ≈ 10 ns. 
Hence, electron-impact excitation from the metastable single 
state He(21S) to the radiative states He(31D) and He(31S) is 
negligible.

As can be seen in figure 9(c), during the late discharge pre-
phase, the intensity ratio and thus the electric field is slightly 
enhanced near the anode, which indicates the positive space 
charge formation. Afterwards, the propagation of the ioniz-
ation front occurs within the temporal discharge jitter, but a 

Figure 7. Spatio-temporal development of two self-stabilized 
discharge filaments: discharge current profile and ICCD camera 
imaging from the side-view (temporal resolution of 2 ns) at 
different times a–i indicated above. Operating conditions: He with 
10 vol.% N2, p = 1 bar, Ûext = 2.4 kV.

Figure 8. Spatio-temporal development of surface discharges 
during the post-phase of a self-stabilized discharge filament shown 
by Abel inversion of ICCD camera images. Operating conditions: 
He with 10 vol.% N2, p = 1 bar, Ûext = 2.4 kV.
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closer look reveals the cathode-directed development ending 
up with a global maximum. This significant enhancement 
of the electric field at the moment of the discharge current 
maximum indicates the cathode fall region that is most char-
acteristic of the glow-like BD. At the same time, the electric 
field within the positive column is clearly lower and almost 
constant, as known from simulations of the BD in He [39]. 
The local maximum at the anode is delayed with respect to 
the global maximum at the cathode. Note that the measure-
ment does not distinguish between the axial and lateral elec-
tric field components. Consequently, both the long-lasting 
global maximum and local maximum indicate high lateral 
electric field gradients, due to well-localized surface charge 
spots, which cause the propagation of surface discharges on 
both di electrics. Note that the surface discharge on the anodic 
dielectric is slower and lasts longer, as revealed by the Abel 
inversion of the ICCD camera images in figure 8.

4.4. Surface charge dynamics

After the discussion of the discharge development in the 
volume from the side-view, the correlated surface charge 
dynamics is presented. Figure  10(a) depicts the accumula-
tion of positive surface charges onto the cathodic dielectric 
during the breakdown of a single self-stabilized discharge fila-
ment operated in He with 10 vol.% N2 at a pressure of 1 bar  
and a feeding voltage amplitude of 2.2 kV. Below, the sur-
face charge density distribution is shown and the 1D profile 
through the maximum of the surface charge spot is plotted 
above.

During the discharge pre-phase, residual surface electrons 
are present on the cathodic dielectric. Their material-dependent 

binding energy is in the order of 1 eV [21, 22]. That is why 
surface electrons can be easily released and may support the 
pre-ionization. Actually, no decreasing trend in the surface 
electron density is identified during the pre-phase, however, 
the resolution is about 0.05 nC cm−2. Note that even a very 
small amount of 10 pC additional electrons is able to signifi-
cantly enhance the pre-ionization in He barrier discharges, as 
revealed by a laser-photodesorption experiment in combina-
tion with a fluid simulation [41]. As already known from pre-
vious studies [27, 28], surface charges form Gaussian profiles 
at the footprint of MD channels. The density profile of negative 
surface charges has a minimum of about σ− = −3 nC cm−2 
and a full width at half maximum of about ω− = 6.0 mm. 
The latter is large compared to 1.6 mm observed for MDs in 
nitrogen [27]. Assuming the Gaussian distribution, the overall 
charge amount is about Qsur = πσ−ω2

−/2 = −1.7 nC. Once 
the breakdown has started at 5.4 µs in figure 10(a), positive 
surface charges are accumulating on the cathodic di electric. 
In more detail, the positive ions, coming along with the con-
stricted ionization front, hit the cathodic dielectric at the 
center of the negative surface charge spot. Thereby, a ring 
of residual surface electrons remains during the breakdown 
between 5.6 µs and 5.7 µs. According to the ICCD camera 
image (g) in figure 7, the cathodic footprint of the discharge 
channel has a lateral extent of about 3 mm. This correlates 
well with the inner diameter of the surface electron ring. The 
centered formation of the positive surface charges was also 
observed for the patterned BD in He/N2 mixtures at signifi-
cantly lower pressures [31].

Complementarily, the deposition of negative surface 
charges onto the anodic dielectric is shown in figure  10(b). 
In this case, the subsequent half-period of the feeding voltage 
was recorded, due to the restriction of the surface charge diag-
nostics to the bottom electrode that is covered with the BSO 
crystal. The Gaussian profile of the positive surface charge 
just before the breakdown onset differs significantly from the 
negative profile already described, compare figure  10(a) at 
5.4 µs with figure 10(b) at 255.3 µs. The amplitude is about 
6 nC cm−2 and thus twice as large, but the full width at half 
maximum is smaller and amounts to 4.8 mm. The overall 
charge results in 2.2 nC. The discrepancy to the negative 
charge amount (−1.7 nC) was already pointed out in pre-
vious investigations [27, 29]. Most likely, it indicates a bias 
caused by different secondary electron emission coefficients 
of the dielectrics used [42]. During the breakdown phase, the 
wide deposition of surface electrons on the anodic dielectric is 
revealed, unlike the centered accumulation of positive surface 
charges on the cathodic dielectric resulting in a ring of residual 
surface electrons. Note that the low-pressure patterned BD also 
shows a ring formation on the anodic dielectric [31]. However, 
the wide deposition of surface electrons is expected, due to 
the much larger mobility of incident electrons compared to the 
(positive) ions. The incident electrons are repelled sideways 
by the already deposited negative surface charges. Again, this 
correlates with the laterally more extended emission intensity 
in front of the anode; see (g) in figure 7.

A closer look at figures 10(a) and (b) indicates changes in 
the positive and negative surface charge distribution during 

Figure 9. Breakdown characteristics of a single self-stabilized 
discharge filament: (a) discharge current, (b) spatio-temporally 
resolved He emission at 706.5 nm, and (c) intensity ratio of He 
emission at 667.8 nm and 728.1 nm. Operating conditions: He with 
10 vol.% N2, p = 1 bar, Ûext = 2.5 kV.
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two consecutive discharge breakdowns. These changes 
result from surface discharges on both dielectrics just after 
the breakdown in the volume. Figure  11 shows the change 
in the surface charge density ∆σcat = σ(t2)− σ(t1) on the 
cathodic di electric (b) and ∆σan = σ(t4)− σ(t3) on the 
anodic di electric (c) in between the times t2 and t1, and t4 and 
t3, during the respective post-phase highlighted in (a). On the 
cathodic dielectric (b), ∆σcat  is negative in the center of the 
surface charge spot and positive in the surrounding ring. This 
indicates a charge transport in the outward direction and thus 
the annular propagation of the surface discharge in correla-
tion with the ICCD camera images. In contrast, on the anodic 
dielectric, ∆σan is, in general, negative over a large part of the 
electrode area, however, the change is maximal in the center 
of the surface charge spot. The wide propagation is due to the 
much higher mobility of incident electrons compared to ions. 
Besides, the accumulation in the far surrounding regions may 
result from electrons that are generated in volume segments 
beyond the discharge channels. This is indicated by weak 
optical emission during the breakdown in figure 7.

5. Role of memory effects for self-stabilization

5.1. Volume memory effect

Single discharge filaments can be operated for hours at the 
same position in the present experiment. Note that they are 
not fixed by the geometry of the discharge configuration, e.g. 
as done in [12, 13, 15, 16] using semi-spherical electrodes. 
Consequently, a self-stabilization mechanism exists. First, the 
focus is on the presence of long-living species that might sur-
vive in the volume during consecutive discharge breakdowns 
and favor the local re-ignition of the discharge, referred to as 

the volume memory effect. In general, possible candidates 
are ions in regions with low electric field strength and, espe-
cially, metastable states. However, the transit time of ions 
drifting through the 3 mm gas gap amounts to some micro-
seconds. Note that the gap voltage drop is not as large during 
the breakdown (see the following section). Moreover, due 
to the Penning ionization, the effective lifetime of He meta-
stable states decreases to the sub-microsecond time scale in 
the presence of small nitrogen admixtures in the percentage 
range. The remaining candidate that might provide a volume 
memory effect is the metastable N2(A3Σ+

u ) state.

Figure 10. Accumulation of (a) positive surface charges onto the negatively charged cathodic dielectric by incident ions and (b) negative 
surface charges onto the positively charged anodic dielectric by incident electrons during the breakdown of a single self-stabilized discharge 
filament. Bottom: 2D spatial surface charge density distribution. Top: 1D profile through the center of the surface charge spot. Operating 
conditions: He with 10 vol.% N2, p = 1 bar, Ûext = 2.2 kV.

Figure 11. Change in surface charge density distribution due to 
surface discharges during the post-phase of a single self-stabilized 
discharge filament: (a) indication of the times t1, t2, t3, and t4 during 
the post-phase of both discharge cycles; (b) and (c) difference in 
surface charge density ∆σ = σ(t2)− σ(t1) and ∆σ = σ(t4)− σ(t3) 
on the cathodic and anodic dielectric, respectively. He with 
10 vol.% N2, p = 1 bar, Ûext = 2.2 kV.
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In figure  12, the feeding voltage Uext(t), average gap 
voltage Ugap(t) and discharge current Idis(t) as well as the 
spatio-temporal evolution of the N2 second positive system 
(SPS) emission at 337.1 nm are plotted for one half-cycle. 
Foremost, the excited state N2(C3Πu) resulting in the SPS

N2(C3Πu)ν=0 → N2(B3Πg)ν′=0 + hc/λ337.1 nm (7)

can be populated by electron-impact excitation from the 
ground state [12],

N2(X1Σ+
g ) + e− → N2(C3Πu) + e−, (8)

or by the pooling reaction involving metastable states,

N2(A3Σ+
u ) + N2(A3Σ+

u ) → N2(C3Πu) + N2, (9)

with rate coefficient kP ≈ 3(1)× 10−10 cm3 s−1 averaged 
over the values stated in [43, 44]. Note that other populating 
channels, including highly excited states, might be relevant 
too [45]. Most notable in figure 12 is the long-lasting N2 SPS 
emission during the post-phase. Especially in front of the 
anodic dielectric, the SPS emission is detected until the pre-
phase of the following discharge breakdown and hence, after 
the change in feeding voltage polarity, at the new negatively 
charged cathodic dielectric. If the pooling reaction (9) is the 
dominant excitation channel during the discharge post-phase, 
the SPS emission will indicate the presence of metastable 
N2(A3Σ+

u ) states. This might favor the local pre-ionization by 
secondary electron emission [33], and thereby the self-stabili-
zation of the discharge filament.

In order to prove the impact of metastable states on the dis-
charge stability, oxygen was added to the He/N2 mixture and 
the time between the two consecutive discharge breakdowns 
was varied by changing the operating frequency. Figure  13 
shows the resulting existence diagram. Surprisingly, there 
is no remarkable effect of oxygen admixtures on the critical 
discharge off-time causing the transition to arbitrarily distrib-
uted MDs. Without oxygen additives, the effective lifetime 
τN2(A) ≈ (

∑
kini)

−1 of N2(A3Σ+
u ) metastable states is strongly 

determined by the pooling reaction (9) and the quenching by 

nitrogen with rate coefficient kN2 = 3 × 10−16 cm3s−1 [46]. 
However, in the presence of oxygen, τN2(A) is significantly 
influenced by the effective quenching reaction

N2(A3Σ+
u ) + O2 → products, (10)

with rate coefficient kO2 ≈ 3(1)× 10−12 cm3 s−1 [44]. The 
calculated effective lifetime τN2(A) as a function of the O2 
admixture is also plotted in figure 13, for the partial N2 den-
sity nN2 ≈ 2 × 1018 cm−3 and for the maximum N2(A3Σ+

u ) 
density estimated to be in the order of 1014 cm−3 [33]. Indeed, 
the starting value τN2(A) ≈ 3 ms without oxygen additives is 
uncertain, not least because the quenching by an unknown 
content of nitrogen atoms is not considered. Note that 3 ms is 
more than ten times longer than the half-cycle of the feeding 
voltage. But, even for small O2 admixtures in the order of 
0.1 vol.%, reaction (10) clearly dominates where τN2(A) is 
reduced by orders of magnitude. This is in contrast to the crit-
ical duration between two consecutive discharge breakdowns, 
determining the stability limit, which keeps approximately 
constant with the rising oxygen admixture. In conclusion, the 
volume memory effect by N2(A3Σ+

u ) metastable states is not 
crucial for the self-stabilization of discharge filaments. Taking 
another closer look at the N2 SPS band emission in figure 12 
reveals an exponential increase towards the anode during the 
post-phase, as well as an abrupt cut-off when the feeding 
voltage changes its polarity just before the following dis-
charge breakdown. This may indicate the survival of residual 
electrons in the volume in regions with low electric field.

5.2. Surface memory effect

The critical discharge off-time on the sub-second scale marking 
the transition to arbitrarily distributed MDs in figure  13 
matches with the lifetime of a major surface charge popula-
tion, as experimentally shown in [28, 32]. Hence, the residual 

Figure 12. Post-phase of a self-stabilized discharge filament. 
Top: applied voltage Uext(t), averaged gap voltage Ugap(t), and 
discharge current Idis(t). Bottom: spatio-temporally resolved N2 
SPS emission at 337.1 nm. Operating conditions: He with 10 vol.% 
N2, p = 1 bar, Ûext = 2.5 kV.

Figure 13. Existence of self-organized and arbitrarily distributed 
discharge filaments depending on the time interval between two 
breakdown events in opposite half-cycles of the feeding voltage, 
and the O2 admixture to the fixed gas mixture of He with 10 vol.% 
N2 at otherwise constant total pressure. In addition, the calculated 
effective lifetime of the N2(A) metastable states according to 
equation 10 is plotted as a function of the O2 concentration. 
Operating conditions: p = 1 bar, Ûext = 2.5 kV.
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surface charge is the most probable candidate providing the 
self-stabilization of discharge filaments. As discussed in sec-
tion  3, a reduction of the feeding voltage amplitude from 
3.2 kV to 2.2 kV causes the transition from arbitrarily distrib-
uted MDs to the rotating and stable filament pattern, ending 
up with a single self-stabilized discharge filament. This is 
illustrated in figure 14, based on the two-dimensional distribu-
tion of positive and negative surface charges for the filamen-
tary BD in He with 10 vol.% N2 admixture at a total pressure 
of 1 bar . Each image is averaged over several feeding voltage 
cycles. That is why the arbitrary re-ignition of MDs (3.2 kV) 
and the rotating re-ignition of patterned discharge filaments 
(3.0 kV) are indicated by overlapped spots and a ring, respec-
tively. In between the hexagonal filament pattern (2.8 kV) and 
the single filament (2.2 kV), the arrangements of four, three 
and two filaments can be observed. The difference in feeding 
voltage amplitude of 1 kV for the initial discharge ignition in 
the MD regime and the operation of a single discharge fila-
ment must be compensated by the additional electric field at 
the positions of the surface charge spots. This is referred to as 
the surface memory effect.

For quantitative evidence, the spatio-temporally resolved 
gap voltage Ugap(x, y, t) was recalculated with equation  (5). 
Figure 15 illustrates the 2D gap voltage distribution just before 
the breakdown of a single self-stabilized discharge filament 
in (a) and the gap voltage dynamics in the center of the sur-
face charge spot and at the edges in (b). The discharge current 
pulse Idis(t) indicates the breakdown phase. Both the exter-
nally applied voltage Uext(t) and the surface charge density 
σsur(x, y, t) determine the dynamics of the gap voltage. As vis-
ible in (a), the surface charge spot significantly contributes to 
the spatial gap voltage distribution. The required breakdown 
voltage of about 2.7 kV is only reached at the center of a sur-
face charge spot, whereas, in the surrounding regions where 
no surface charges were accumulated, the gap voltage is close 
to 1.6 kV. This value equals the partial feeding voltage drop 
across the gas gap. Hence, the difference in the feeding voltage 
of about 1 kV between the operation of the single self-stabi-
lized discharge filament and the MD regime is compensated 
by the surface charge exclusively at a well-localized position. 
As the partial feeding voltage drop never reaches the required 
breakdown voltage at any time, no further discharge events 
take place. Thus, the local electric field enhancement by sur-
face charges causes the periodic re-ignition of the discharge 

filament at the same position. But, when the feeding voltage 
is increased again, the surface charge spots at the footprints of 
several discharge filaments are not well-separated anymore, 
and the breakdown voltage is reached at later times in between 
the positions of the initial discharge filaments too. As a result, 
the conservation of the lateral discharge structure gets lost. 
To summarize, the surface memory effect is the key mech-
anism behind the self-stabilization of discharge filaments in 
the plane-parallel electrode configuration.

6. Conclusion

The presented paper reports on the formation of a single 
self-stabilized discharge filament in a plane-parallel bar-
rier discharge configuration. The discharge was operated 
by square-wave feeding voltage in He/N2 mixtures at vari-
able pressures. For the first time, the combined application 
of optical diagnostics and surface charge diagnostics on a 
filamentary breakdown allowed the correlation between the 
discharge development in the volume and on the dielectric 
surfaces.

The existence regimes of the self-stabilized discharge 
filaments were obtained by systematic variation of the N2 
admixture of maximal 50 vol.% to He, total pressure between 
100 mbar and 1 bar  and thus a feeding voltage amplitude 
between 0.3 kV and 3.5 kV. In fact, a single self-stabilized 
discharge filament can be operated over a wide range of total 
pressure and He/N2 mixture, with a required minimum N2 
admixture of about 0.2 vol.%. This proves the independence 
of the self-stabilization mechanism from specific properties 

Figure 14. 2D distribution of positive and negative surface charges 
for the filamentary discharge in He with 10 vol.% N2 at p = 1 bar, 
driven by different feeding voltage amplitudes.

Figure 15. Gap voltage during the development of a single self-
stabilized discharge filament: (a) spatial gap voltage distribution 
calculated with equation (5) just before the discharge breakdown 
at t = 2.3 µs, and (b) gap voltage dynamics in the center of the 
surface charge spot and in the surrounding regions. Operating 
conditions: He with 10 vol.% N2, p = 1 bar, Ûext = 2.2 kV.
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of the gas system. In general, the stable discharge filament 
is obtained by a significant reduction of the feeding voltage 
amplitude after the initial ignition in the microdischarge 
regime. The voltage interval allowing the stable operation of 
discharge filaments increases with the rising total pressure 
and N2 admixture to He, which is connected with an increase 
in the amount of the transported and subsequently deposited 
charge. This is the first indication of the self-stabilization 
of the discharge filament being caused by the local surface 
charge distribution.

Indeed, residual surface charges on the dielectrics signifi-
cantly contribute to the gap voltage distribution. In the case 
of a single self-stabilized discharge filament, the required gap 
voltage of about 2.7 kV for the discharge breakdown is only 
reached at the center of the surface charge spot. But, in the 
surrounding regions where no surface charges were accumu-
lated, the gap voltage is more than 1 kV lower. As long as the 
surface charge spots of several discharge filaments are well-
separated, the local enhancement of the electric field con-
serves the long-term stability of the lateral discharge structure. 
Vice versa, the enhancement of the voltage amplitude causes 
a transition to the rotating filament patterns and, finally, to the 
arbitrarily distributed MDs. The required breakdown voltage 
is then also reached in between the initial filament positions. 
Contrary to the outstanding importance of the surface memory 
effect, the volume memory effect by N2(A3Σ+

u ) metastable 
states is not crucial. There was no notable influence of the 
oxygen concentration on the discharge stability, despite the 
effective quenching of N2(A3Σ+

u ) by oxygen.
Finally, the spatio-temporal evolution of the single self- 

stabilized discharge filament reveals similarities to both micro-
discharges and the glow-like discharge. The main characteris-
tics, in chronological order, are the Townsend pre-phase of some 
µs duration, the cathode-directed ionization front propagating 
on the ns time scale, the negative glow in front of the cathode 
followed by Faraday dark space, the positive column and the 
anode glow at the moment of maximum discharge current, as 
well as the long-lasting afterglow in the discharge channel and 
radially spreading surface discharges on the di electrics during 
the post-phase. Additionally, the intensity ratio of He single 
lines as a qualitative measure of the local electric field indi-
cates a cathode fall with an axial extent of 0.1 mm. Hence, 
the optical diagnostics reveal the breakdown mechanism to be 
determined by space charge formation and significant electric 
field distortion across the gas gap. The constricted cathode-
directed ionization front correlates with the centered formation 
of positive surface charges during the breakdown. In addi-
tion, the radial propagation of the surface discharges on both 
di electrics could be correlated with the annular change in sur-
face charge density during the post-phase.

In order to measure the fast ionization front, a square-
wave voltage with a shorter rise time should be used to reduce 
the temporal jitter of the discharge. The single self-stabilized 
discharge filament provides the possibility to determine the 
spatio-temporal evolution of the electric field by the meas-
ured He singlet line intensity ratio in combination with a 
collision-radiation model. In this context, it would be inter-
esting to vary the He/N2 mixing ratio, as well as the gas gap 

width, in order to investigate the transition regime to the well-
known glow-like barrier discharge. Moreover, it is planned to 
measure the morphology and lifetime of surface charges in 
correlation with the self-stabilization of discharge filaments 
under systematic variation of the gas system including var-
ious gases.
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1. Introduction

The most characteristic feature of barrier discharges (BDs) 
consists in the deposition of charge carriers from the discharge 
volume onto the surface of the dielectric-covered electrodes. 
During the discharge breakdown, these so-called surface 
charges cause an electric field that is oppositely directed to 
the external electric field, wherefore the current is limited and, 

finally, the discharge extinguishes. As a result, BDs generate 
non-equilibrium plasmas at elevated pressures, serving as an 
effective source of high-energy electrons, photons, radicals 
and excited species [1, 2]. The high chemical reactivity at low 
gas temperature and comparatively low power consumption, 
as well as the possibility to operate without expensive vacuum 
equipment, make the BD indispensable for numerous indus-
trial applications [3, 4], e.g. surface treatment and modifica-
tion of heat-sensitive materials in biology and medicine.

The spatial distribution and the dynamic behavior of 
surface charges significantly determine the fundamental 
mechanisms of diffuse and filamentary BDs. As a prominent 
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example, the periodic discharge re-ignition is favored by the 
electric field enhancement, due to residual surface charges on 
the dielectrics, which is well-known as the surface memory 
effect [5, 6]. That is why the current filaments of microdis-
charges in plane-parallel electrode configurations can reignite 
at the same lateral positions for several discharge cycles [7, 8], 
and the self-organized pattern of BDs in a lateral direction is 
conserved [9, 10]. Indeed, the lifetime of surface charges from 
the sub-second up to the minute time scale clearly exceeds the 
typical discharge off-time [8, 11].

Up to now, experimental proof of the physical nature of 
surface charges is still missing, but an accepted hypothesis 
exists. Negative surface charges are electrons adsorbed onto 
the dielectric surface, with low material-dependent binding 
energy in the order of 1 eV   [12–14]. Theoretical calcul ations 
reveal that these electrons are either trapped in shallow image 
potential states just in front of the crystallographic boundary, 
or in the conduction band just inside the dielectric, which 
depends on the material-specific electron affinity [15]. 
However, positive surface charges are assumed to be defect 
electrons (positive holes) generated by ion-electron recom-
bination at the dielectric surface. Hence, besides the electro-
static effect of the surface charges, the weakly bound surface 
electrons may act as an important seed electron reservoir that 
supports the pre-ionization. Especially, thermal desorption 
of surface electrons may favor the formation of diffuse BDs 
driven by a low operating frequency in helium and oxygen-
containing systems. Here, metastable states do not survive 
during the discharge off-time and thus can not contribute to 
the pre-ionization by Penning ionization and secondary elec-
tron emission [12, 16, 17].

From an experimental point of view, the fundamental 
knowledge about the role of surface charges in BDs was mainly 
obtained using the electro-optic Pockels effect of a bismuth 
silicon oxide (BSO) crystal [7–11]. Although this method is 
already well-established, up to now it has been restricted to 
the specific BSO crystal exposed to the discharge. The present 
paper reports on the extension of this diagnostic technique to 
more common dielectric materials, such as borosilicate glass, 
alumina and magnesia. The investigations are focused on the 
influence of these dielectrics on the development of diffuse 
and filamentary BDs characterized by electrical quantities, 
the optical emission, as well as the spatial distribution and 
dynamics of surface charges.

The outline of this paper is as follows. Section  2 
briefly describes the experiment and the principles of the 

methodology. Section  3 presents the surface charge meas-
urements for the operation of the glow-like BD, including 
the estimation of effective SEE coefficients for the different 
dielectric materials using Townsend’s criterion. Finally, the 
surface charge memory effect on the conservation of the lat-
eral structure of multiple and single discharge filaments is dis-
cussed in section 4.

2. Experimental setup and methodology

2.1. Discharge configuration

The discharge cell is depicted from the side-view in figure 1. 
The plane-parallel electrode configuration is shielded with 
dielectrics on both sides to the discharge in a 3 mm   gas gap. 
The upper high-voltage driven electrode is a copper ring con-
nected to an electrically conductive and optically transparent 
ITO layer on top of a float glass plate. A bismuth silicon oxide 
(BSO) crystal is placed on a grounded aluminum mirror and 
covered with a thin optically transparent dielectric plate. 
The latter was varied to consist of borosilicate glass, mono- 
crystalline alumina and magnesia, respectively. This setup 
allows the measurement of surface charges on top of the dif-
ferent dielectrics via the electro-optic Pockels effect of the 
BSO crystal. Some properties of the used dielectric materials 
are summarized in table 1.

2.2. Vacuum system and gas supply

The discharge cell is placed inside a vacuum chamber made of 
stainless steel. Before the operating gas is passed directly into 
the discharge volume, the chamber is pumped to a base pres-
sure below 10 mbar5 − . Two mass flow controllers set the gas 
flow rate of helium and nitrogen (respective purity  >99.999%) 
to realize well-defined He/N2 mixtures. The operating pres-
sure amounts to 500 mbar   or 1 bar  , and is kept constant in the 
flowing regime (100 sccm  ) by a diaphragm pressure gauge 
(MKS) in combination with a butterfly valve (MKS) and a 
process pump (TRIVAC D25BCSPFPE).

2.3. Electrical measurements

Figure 2 illustrates the entire diagnostic setup which enables 
the simultaneous investigation of (a) electrical discharge 
quantities, (b) the surface charge dynamics and (c) the optical 
emission from the discharge volume.

Figure 1. Sketch of the discharge configuration from side-view. 
The dielectric plate on top of the BSO crystal was varied to consist 
of borosilicate glass, alumina, and magnesia, respectively.

Table 1. Composition, thickness d, and permittivity εr of the 
dielectric materials installed in the discharge configuration.

Dielectric material Composition d mm ( ) εr

Float glass (+ITO layer) unspecified 0.70(5) 7.6
Borosilicate glass ∼80% SiO2 0.21(1) 6.7

∼12% B2O3

∼8% Na2O
Mono-crystalline alumina Al2O3 0.20(1) 10.6
Mono-crystalline magnesia MgO 0.20(1) 9.7
Bismuth silicon oxide crystal Bi12SiO20 0.70(5) 56
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The sine- or square-wave feeding voltage U text( ) at the 
frequency of 2 kHz   is provided by a function generator  
(SRS DS345) in combination with an amplifier (Trek 615-10, 
1:1000), measured via a HV probe and connected to the upper 
electrode. The total transported charge Q text( ) is detected by 
an external capacitor (C 1.2 nFext  = ) at the grounded elec-
trode. The voltage signals are monitored and averaged by a 
digital oscilloscope (ROHDE&SCHWARZ RTO1024) with 
a bandwidth of 2 GHz  . Based on the equivalent circuit in 
figure 3 according to [18], internal electrical quantities of the 
diffuse discharge can be recalculated, such as the voltage drop 
across the gas gap

U t
C

C
U t

C
Q t1
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die
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die
ext( ) ( ) ( )

⎛
⎝
⎜

⎞
⎠
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the discharge current without any displacement current
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and the time-integral of the discharge current, which describes 
the accumulation of surface charges

Q t
C

C
Q t C U t1 .sur

gap

die
ext tot ext( ) ( ( ) ( ))

⎛
⎝
⎜

⎞
⎠
⎟= + − (3)

Here, the capacitances Cdie and Cgap of the dielectrics and 
the discharge gap, respectively, are calculated by consid-
ering the cell geometry and the dielectric properties in 
table 1. Moreover, Ctot is the total capacitance derived from 
the Q Uext ext( ) plot (Lissajous-figure), and the capacitance 
C C C C C Cpar tot gap die gap die/( )= − +  considers the surrounding 
region beyond the lateral discharge extent.

2.4. Surface charge diagnostics

The surface charge diagnostics is based on the electro-optic 
Pockels effect of the BSO crystal [7]. Figure 2(b) shows the 
optical setup. The LED light ( 634 nm λ = ) is homogenized by 
passing the Köhler illumination, before it is diverted into the 
direction of the discharge configuration by means of a linearly 
polarizing beam splitter. Following this path, the LED light 
becomes elliptically polarized by a 8/λ  wave plate, expanded 
by a telescopic system and passes the discharge cell twice, 
due to reflection at the grounded aluminum mirror. On the 
way back, the LED light passes a color filter which blocks 
the radiation from the discharge, and a second polarization 
filter allowing the light intensity to be measured by a CCD 
camera (Miro 4ex, minimal exposure time of 2 s µ ). During 
the discharge operation, the voltage drop UBSO across the BSO 
crystal, caused by both the deposited surface charges (UBSO

σ ) 
and the applied voltage (UBSO

ext ), induces a birefringence and 
thus an additional change in the polarization of the LED light 
according to the phase difference

U n r U k U U
2

.BSO 0
3

41 BSO BSO BSO
ext( ) ( )π

λ
∆Φ = = +σ (4)

The proportionality factor k, including the wavelength λ of the 
LED light, and the refraction index n0 and Pockels coefficient 
r41 of the BSO crystal, is experimentally determined from a 
calibration procedure. Further details and corresponding ana-
lytical calculations are given in [7]. Covering the BSO crystal 
with a variable transparent dielectric plate is the innovative 
feature of the present paper, as depicted in figure  4. As a 
result, the surface charge is deposited and measured on this 
thin dielectric plate. Therefore, the surface charge density 

surσ  causes the total voltage drop Uσ across both the variable 
dielectric X and the BSO crystal, wherein both can be treated 
as ideal capacitors with thickness dX and dBSO, and permit-
tivity Xε  and BSOε ,

U U U
d d

.X BSO
X sur

0 X

BSO sur

0 BSO

σ
ε ε

σ
ε ε

= + = +σ σ σ
 (5)

Hence, covering the BSO crystal with another dielectric 
leads to an increase of the total voltage drop Uσ by UX

σ  at 
an otherwise constant surface charge density, since the 
effective capacitance is reduced. But, only the voltage drop 
UBSO
σ  across the BSO crystal contributes to the electro-optic 

Figure 2. Experimental setup: (a) measurement of applied voltage 
and total charge, (b) surface charge diagnostics via the electro-optic  
Pockels effect and (c) measurement of the optical emission from the 
discharge by ICCD camera imaging. Further details are given in the 
text.

Figure 3. Electrical equivalent circuit: the discharge gap is 
represented by the time-dependent resistance ( )R tgap  connected 
in parallel with the capacitance Cgap. All dielectrics connected in 
series determine the capacitance Cdie, and Cpar considers the parallel 
capacitance beyond the lateral discharge extent.
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change in the polarization of the LED light, according to 
equation  (4). Thus, the spatio-temporally resolved surface 
charge density

x y t
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is calculated using the same formula as for the mere BSO 
crystal without a further dielectric on top [7]. In equation (6), 
I U Umeas BSO

ext
BSO( )+ σ  is the measured light intensity during 

the discharge operation, and I Uref BSO
ext( ) denotes the reference 

intensity without any discharge and thus dependent on the 
applied voltage, but independent of surface charges.

Moreover, for the first time, the spatio-temporal evolution 
of the gap voltage

U x y t
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C
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die
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die
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gap
px ext

px

die
px sur( ) ( ) ( )σ=

+
− (7)

is calculated from the measured surface charge density distri-
bution x y t, ,sur( )σ  for the filamentary discharge mode. Here, 
A 4 10 cmpx 5 2 = × −  means the observation area detected per 
pixel of the CCD camera chip.

2.5. ICCD camera imaging

The optical emission from the discharge volume is detected 
by a gated intensified charge-coupled device (ICCD) camera 
(Princeton Instruments PI-MAX). The camera chip (512 512×  
pixel and 0.12 mm pixel  /  spatial resolution), combined with 
the 1:-3 imaging of the discharge volume via an external lens, 
provides an effective spatial resolution of 0.04 mm   in the axial 
as well as lateral direction. In particular, the temporal resolu-
tion down to 1 ns   allows us to follow the fast two-dimensional 
development of the filamentary discharge.

3. Diffuse glow-like discharge

3.1. Surface charge accumulation and dynamics

A laterally homogeneous discharge with one breakdown 
per half-cycle of the sine-wave voltage (U 0.8 kVextˆ  = ) was 
operated in pure helium (purity  >99.999%) at a pressure of 
500 mbar  , at first, with borosilicate glass on top of the BSO 
crystal. In figure 5, the applied voltage U text( ), the gap voltage 
U tgap( ) and the discharge current I tdis( ) are plotted for one dis-
charge cycle. Also, the ICCD images of the discharge volume 
from the side-view as well as the surface charge density 
distribution on the bottom dielectric are shown for different 

times (a)–(e) during the discharge pulse within the positive 
half-cycle. The discharge current peaks at  ±0.4 mA with a 
pulse duration of about 100 s µ . Note that there is no remark-
able asymmetry comparing the two half-cycles of the feeding 
voltage, which indicates similar properties (permittivity, SEE 
coefficients) of the upper and lower dielectric. During the 
discharge breakdown, the drop in gap voltage is significantly 

Figure 4. Principle of surface charge diagnostics: by passing the 
BSO crystal, the polarization of the LED light changes due to the 
electro-optic Pockels effect, which is particularly induced by the 
deposited charges on the surface of the variable dielectric.

Figure 5. Development of the diffuse glow-like BD in nominally 
pure helium: applied voltage ( )U text , gap voltage ( )U tgap  and 
discharge current ( )I tdis  for one discharge cycle (above), and ICCD 
camera images of the optical discharge emission from the side-
view as well as surface charge density distribution on the bottom 
dielectric at different times (a)–(e) during the positive discharge 
breakdown (below). Borosilicate glass on top of the BSO crystal, 

 =p 500 mbar, ˆ  =U 0.8 kVext .
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large, which is typical for the glow-like barrier discharge in 
helium for gas gap widths larger than 1 mm   [5, 19].

Indeed, the ICCD camera images of the optical emission 
reveal a Townsend pre-phase indicated by the weak emission 
maximum in front of the anode (a), followed by a cathode-
directed light emission (b) with intensive negative glow when 
the maximum discharge current is reached (c), fading away 
during the afterglow (d) and ending up in a residual emission 
maximum in front of the anode (e). The associated surface 
charge density distributions reveal that the discharge does 
not ignite simultaneously over the entire electrode area, but 
starts within the top-right sector and ends in the opposite one. 
Taking a closer look, this is confirmed from the side-view by 
the ICCD camera images too. This discharge inhomogeneity 
might be caused by lateral deviations in the inter-electrode dis-
tance and thus in the gap voltage, and by an inhomogeneous 
gas flow, which results in uncertainties of the gas impurity 
(M) concentration. The gas impurities in helium determine the 
total ionization rate by Penning ionization

M He He M e He 2Hem
2
m/ → /+ + ++ − (8)

during the pre-phase and the breakdown [17, 19, 20]. Here, 
Hem and He2

m denote the metastable helium atoms and mole-
cules, respectively. Consequently, the breakdown voltage must 
be higher in regions with a lower impurity level, resulting in a 
more intensive discharge.

In figure 6(a), the phase-resolved surface charge density, 
determined via the electro-optic Pockels effect and averaged 
over the observation area, is plotted for one discharge cycle 
and compared with the charge density Q Asur dis/  that is recal-
culated from the measured electrical quantities according to 
equation  (3) using different diameters d of the circular dis-
charge area A d 4dis

2/π= . Very good qualitative and quanti-
tative agreement is achieved for a discharge diameter of 
15.5 mm   that is close to the diameter of the grounded electrode 
(15 mm  ). The latter defines the observation area of the surface 
charge diagnostics. This result validates the applicability of 
this method to other transparent dielectrics covering the BSO 
crystal, and it exceeds the accuracy of previous studies [7, 8].

It is also conspicuous in figure 6(a) that the surface charge 
density slightly decreases between the times t1 and t2 after the 
discharge breakdown in the negative half-cycle, when sur-
face electrons have been adsorbed onto the bottom dielectric. 
The corresponding change in surface charge density distribu-
tion surσ∆  is shown in figure 6(b) for the different dielectrics 
studied. Note that surσ∆  is largest in the bottom-left sector 
where the surface charge density is highest. In fact, one cannot 
exclude surface electron transport into the outer regions, due 
to lateral gradients in the charge density. However, surσ∆  has 
the same sign over the entire discharge area. As indicated by 
the gap voltage in figure  5, there might be a region of low 
electric field during the discharge afterglow. Thus, most likely, 
the decrease in negative surface charge density after the break-
down is the result of the recombination of ions stored in the 
positive column with electrons trapped in the image potential 
just in front of the anodic dielectric [15].

3.2. Influence of different dielectrics

In the following, the influence of the dielectric material on the 
electrical characteristics of the diffuse glow-like BD in nomi-
nally pure helium at 500 mbar   is discussed. In figure 7(a), the 
applied voltage U text( ), (b) the gap voltage U tgap( ), (c) the dis-
charge current I tdis( ) and (d) the surface charge density tsur( )σ  
are plotted for one discharge cycle using borosilicate glass, 
alumina and magnesia on top of the BSO crystal, respectively. 
In each case, the sine-wave feeding voltage has the same 
amplitude U 0.8 kVextˆ  =  and triggers the recording of all other 
quantities. Based on the zero-crossing of the calculated gap 
voltage, the entire discharge cycle can be subdivided into two 
sections: the variable dielectric X is the anodic dielectric or 
the cathodic dielectric.

If the variable dielectric is the anodic one, there is no sig-
nificant mismatch comparing the gap voltage and the dis-
charge current for the three dielectrics. But one should keep in 
mind that the current amplitude is slightly larger for alumina. 
In contrast, if the variable dielectric is the cathodic one, the 
voltage required for discharge breakdown is clearly highest for 
borosilicate glass and lowest for magnesia ( Ugap∆ ). Moreover, 

Figure 6. (a) Comparison of phase-resolved transported charge and 
deposited surface charge for the diffuse glow-like BD in nominally 
pure helium. The circles represent the surface charge density 
determined using the electro-optic Pockels effect. The solid and 
dashed black lines represent the charge density, which is calculated 
by the time-integral of the measured discharge current ( )I tdis  
divided by the circular discharge area for three different diameters. 
Borosilicate glass on top of the BSO crystal,  =p 500 mbar, 
ˆ  =U 0.8 kVext . (b) Difference in spatially resolved surface charge 
density ( ) ( )σ σ σ∆ = −t tsur sur 2 sur 1  between t2 and t1 indicated in  
(a) for the different highlighted dielectrics.
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the discrepancy in the breakdown voltage corresponds to 
a delay in the breakdown onset ( tdis∆ ) with respect to the 
feeding voltage. The transported and subsequently deposited 
charge density is smallest for borosilicate glass, closely fol-
lowed by magnesia, and clearly largest for alumina ( surσ∆ ). 
Since the residual surface charge acts as a memory between 
the consecutive discharge breakdowns, the transported charge 
is again largest for alumina during the current pulse in the 
negative half-cycle, as already mentioned.

Indeed, there is a crucial difference in acting as the anodic 
dielectric and the cathodic dielectric. During the pre-phase, 
the anodic dielectric has a passive role for the discharge devel-
opment, because it is charged with positive holes resulting 
from the recombination of incident ions with electrons from 
the dielectric surface during the previous breakdown [12]. 
However, the cathodic dielectric is charged with residual 
surface electrons in shallow traps in the order of 1 eV   [12, 
21]. These weakly bound surface electrons are thus easier to 
release than the electrons from the valence band. Since the 
actual binding energy of surface electrons is specific of the 

respective dielectric material, the secondary electron emis-
sion (SEE) yield differs as well. Hence, the active role of the 
cathodic dielectric due to both ordinary SEE from the valance 
band as well as additional SEE from the shallow traps causes 
the mismatch in breakdown voltage when comparing the three 
dielectrics in figure  7(b). The breakdown voltage decreases 
with increasing SEE yield, which is thus largest for magnesia, 
followed by alumina and smallest for borosilicate glass.

At otherwise constant discharge conditions, the changing 
effective SEE yield is linked to the differing properties of the 
dielectrics, e.g. binding energy of intrinsic electrons [22], trap-
ping mechanisms, binding energy, and amount of surface elec-
trons [13, 15, 23, 24] and surface roughness [25]. The energy 
gap between the conduction band and the valance band filled 
with intrinsic electrons is largest for silica and smallest for 
magnesia [22]. Following the model in [15], electrons hitting 
the surface of magnesia are trapped in image-potential states 
just in front of the crystallographic boundary, whereas in the 
case of silica and alumina, incident electrons populate the con-
duction band (with subsequent energy relaxation). Moreover, 
the energy of the incoming projectile, such as ions, metastable 
species or photons, is crucial since the resonant charge transfer 
at the dielectric surface is preferred [22]. Also, the effective 
SEE yield depends on the surface charge amount that increases 
with rising permittivity [24]. The latter is largest for alumina 
( 10.55rε = ), closely followed by magnesia ( 9.65rε = ) and 
clearly smallest for borosilicate glass ( 6.7rε = ).

3.3. Estimation of effective SEE coefficients

Figure 8 zooms into the positive half-cycle of figures 7(b) and 
(c). At this time, the varied dielectric is the cathodic one, which 
therefore directly influences the discharge development by 
SEE. The maximum gap voltage defines the breakdown voltage 
Ub. The latter is used to estimate the effective SEE coefficient 
for the different dielectrics based on Townsend’s criterion

U E n z zexp d 1 ,
g

eff b
0

eff

1

( ) ( / ( ))⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥∫γ α= −
−

 (9)

Figure 7. Influence of borosilicate glass, alumina and magnesia on 
the development of the diffuse glow-like BD: (a) applied voltage 

( )U text , (b) gap voltage ( )U tgap , (c) discharge current ( )I tdis  and (d) 
spatially averaged surface charge density ( )σ tsur . The zero-crossing 
of the gap voltage marks the transition for the respective material to 
be the anodic dielectric or the cathodic dielectric. Nominally pure 
He,  =p 500 mbar, ˆ  =U 0.8 kVext .

Figure 8. Influence of different cathodic dielectrics on the 
diffuse discharge breakdown within the positive half-cycle of the 
feeding voltage. For each dielectric, the gap voltage ( )U tgap  and the 
discharge current ( )I tdis  are plotted by a solid line and a dashed line, 
respectively. Pure He,  =p 500 mbar, ˆ  =U 0.8 kVext .
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just as done in [24, 25]. Here, g denotes the discharge gap 
width and E neff( / )α  is the effective ionization coefficient. In 
general, E neff( / )α  depends on the axial distribution of the 
reduced electric field strength E/n. However, the breakdown 
voltage is reached at least about 10 s µ  before the discharge 
current maximum, see figure 8, and thus still within the late 
Townsend pre-phase of the glow-like BD. This phase is char-
acterized by a gradual increase in the charge carrier density 
resulting in a low ‘starting current’. Hence, there is still no 
significant space charge formation, wherefore the electric field 
and thus E neff( / )α  are approximated to be constant across the 
discharge gap when the breakdown voltage Ub is reached. As 
a consequence, the ionization integral in equation (9) results 
in U geff b( )α × . Later on, the electric field gets strongly dis-
turbed during the propagation of the cathode-directed ioniz-
ation front, as shown for similar discharge conditions in [17].

The effective ionization coefficient effα  is calculated from 
the ratio between the effective ionization rate reff and the elec-
tron drift velocity ve

d,

E n
r E n

v E n

k E n

E n E n
.eff

eff

e
d

eff

e

( / ) ( / )
( / )

( / )
( / ) /

α
µ

= = (10)

Here, keff is the effective rate coefficient including all relevant 
ionization processes, and eµ  is the electron mobility. The con-
sidered elementary processes are listed in table 2. For mod-
erate reduced electric field strength, both the direct electron 
impact ionization (ki), resulting in Townsend’s first ioniz ation 
coefficient, and the electron impact excitation of atomic (km) 
and molecular (kc) helium metastable states, followed by 

Penning ionization of always present gas impurities (k kp
1

p
6− ), 

contribute to the effective ionization.
The rate coefficients for the electron impact ionization from 

the He ground state and electron impact excitation of atomic 
helium metastable states are functions of the reduced electric 
field strength E/n and are calculated with BOLSIG+  [26–29]. 

The rate coefficients for conversion of the metastable atom 
Hem to the metastable molecule He2

m, and for Penning ioniz-
ation are mean values from the stated references. The rate coef-
ficients for two-body and three-body Penning ionization of 
impurities M N , O2 2{ }=  by metastable He atoms are summed 
up pairwise (the background gas density p k THe B g[ ] /( )=  was 
canceled out in three-body reactions), resulting in the com-

posite rate coefficients kp
1 2+  and kp

3 4+ . Furthermore, the gas 
impurities are treated as synthetic air defined by the density 
ratio N O 4 12 2[ ]/[ ] /= , yielding the effective rate coefficients 

for Penning ionization k k k4 5 1 5p
1 4

p
1 2

p
3 4( / / )= +− + +  by Hem, 

and k k k4 5 1 5p
5 6

p
5

p
6( / / )= ++  by He2

m.
Finally, for fixed values of the reduced electric field 

strength and the impurity concentration, the density ratio 
R He Hem 2

m m[ ]/[ ]=  becomes constant after a short time. First, 
the introduction of Rm allows the analytical solution of the rate 
equation system based on the elementary processes in table 2. 
Second, the kinetics of He2

m are not reasonably described by 
this reduced set of considered reactions. But, as pointed out by 
a fluid simulation for quite similar discharge conditions [17], 
the He2

m density remains approximately one order of magni-
tude lower than the Hem density during the overall discharge 
duration. The density ratio Rm is nevertheless considered as 
a (temporally constant) parameter and its influence on the 
effective SEE coefficient is shown at the end of this section. 
Summarized, the rate equation system simplifies to

t
k k k

d He

d
He e M He He

c e c c He ,

m

m p
1 4

c
2 m

m p
1 4

c
m

[ ] [ ][ ] ( [ ] [ ] )[ ]

[ ] ( )[ ]

= − +

≡ − +

− −

− −
 

(11)

t
k k k

R

d e

d
He e M He M He

c e c c He ,

i p
1 4 m

p
5 6

2
m

i p
1 4

p
5 6

m
m

[ ] [ ][ ] [ ][ ] [ ][ ]

[ ] ( )[ ]
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≡ + +

−
− − +

− − +
 

(12)

and can be separated resulting in a differential equation for the 
electron density only,

t t

R

0
d e

d
c c c

d e

d

c c c c c c e .
a

b

2

2 c p
1 4

i

i c p
1 4

m p
1 4

p
5 6

m

[ ] ( ) [ ]

( ( ) ( ))[ ]

= + + −

− + + +

−
−

−

− − + −
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(13)

Inserting the exponential approach t te A exp[ ]( ) ( )ω=−  into 
the differential equation (13) yields a quadratic equation with 
two real solutions

a

2
1 4

b

a
1 .1,2 2

⎛

⎝
⎜

⎞

⎠
⎟ω = ± + − (14)

Already after some tens of nanoseconds, which is short com-
pared to the microsecond time scale of the diffuse BD, the gen-
eral solution for the electron density in equation (14) equals 
the continuous exponential rise according to tA exp( )ω , with 

0ω> , wherefore the negative solution 0ω<  can be neglected. 
For small impurity concentrations M He 10 3[ ]/[ ] ⩽ −  just as in 
the present experiment, and for values of the reduced elec-
tric field larger than about 5 Td  , the rates for the excitation of 

Table 2. Elementary processes considered for the calculation of the 
effective ionization coefficient. The corresponding rate coefficients 
are averaged over the values given in the stated references, and have 
units of   −cm s3 1 for two-body reactions and   −cm s6 1 for three-body 
reactions.

Reaction Rate coeff. Reference

⟶+ +− + −k
He e He 2ei f(E/n) [28]

⟶+ +− −k
He e He em m f(E/n) [28]

⟶+ +
k

He 2He He Hem c
2
m × −1.8 10 34 [30–32]

⟶+ + ++ −
k

He N He N em
2

p
1

2 × −6.75 10 11 [33–36]

⟶+ + + ++ −
k

He N He 2He N em
2

p
2

2 × −3.5 10 30 [34–36]

⟶+ + ++ −
k

He O He O em
2

p
3

2 × −2.5 10 10 [35, 37–39]

⟶+ + + ++ −
k

He O He 2He O em
2

p
4

2 × −4.2 10 30 [35, 38]

⟶+ + ++ −
k

He N 2He N e2
m

2
p
5

2 × −5 10 10 [20, 35]

⟶+ + ++ −
k

He O 2He O e2
m

2
p
6

2 × −4.5 10 10 [35, 40]
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He metastable atoms (cm) and electron impact ionization (ci) 
significantly exceed the rates for metastable’s conversion (cc) 

and Penning ionization (cp
1 4− , cp

5 6+ ). Here, the positive solu-
tion simplifies to

c

2
1 4

c c c

c
1 .i p

1 4
m i

i
2

( )⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟ω≈ +

+
+

−

 (15)

Inserting this solution in the rate equation for effective elec-
tron multiplication, according to the rate coefficient keff for 
effective ionization,

t
k

d e

d
e He e ,eff

[ ] [ ] [ ][ ]ω= =
−

− − (16)

and comparison of the coefficients yields k Heeff /[ ]ω= . In 
figure  9, the rate coefficient keff for effective ionization is 
plotted as a function of the reduced electric field strength for 
different impurity concentrations M He[ ]/[ ], together with the 
rate coefficient ki for electron impact ionization from the He 
ground state. For reasonable impurity concentrations, keff 
exceeds ki for values of E/n lower than 30 Td  . This range 
includes the electric field strength E U gb b/=  that is necessary 
for the discharge breakdown under the experimental condi-
tions studied. Therefore, Penning ionization must be consid-
ered in the calculations even for very low impurity levels.

With k Eeff b( ) and the electron mobility Ee b( )µ  taken from 
BOLSIG+, the effective ionization coefficient Eeff b( )α  is cal-
culated with equation (10). Finally, the effective SEE coeffi-
cients Eeff b( )γ  for the different dielectrics are estimated using 
Townsend’s criterion in equation (9). Figure 10 plots the SEE 
coefficients in dependence of uncertain quantities which are 
included in the analytical calculations: (a) air impurity con-
centration [M]/[He], (b) metastable density ratio [He2

m]/[Hem],  
(c) discharge diameter in lateral direction and (d) gas temper-
ature. Regarding the variation of the air impurity level, reason-
able values lie between 50 ppm   and 200 ppm   resulting in a 
relative deviation of about 30% in effγ . As well, the calculation 
of effγ  depends crucially on the discharge diameter that deter-
mines the breakdown voltage Ub calculated from measured 
electrical quantities according to equation (1). Estimating the 
discharge diameter from the surface charge measurements is 

difficult, because the incident charge carriers from the dis-
charge volume get distracted in a lateral direction due to the 
already deposited charge of same polarity. Though, from the 
steep slope of the Q Uext ext( ) plot (Lissajous figure), one can esti-
mate a discharge diameter of about 14 mm  . However, the ratio 
[He2

m]/[Hem] has no remarkable influence. Besides, a reliable 
value of about He He 0.12

m m[ ]/[ ]∼  is given by a fluid simula-
tion for similar discharge conditions [17]. The gas temper ature 
Tg defines the background gas density n p k Tb g/( )= , and thus 
determines the reduced electric field strength E nb/  required for 
discharge breakdown, as well as all reaction rates included in 
the calculation of effα  by equation (10).

In spite of these uncertain parameters, the values obtained 
for the effective SEE coefficients, considering SEE by ions 
and photons as well as thermal desorption, lie between 0.02 
and 0.4 for the different dielectrics. Especially, values of effγ  
for magnesia and alumina even close to one were reported 
in [24, 25] using Townsend’s criterion as well. According 

Figure 9. Rate coefficients for direct electron impact ionization 
of He (dashed red line), calculated with BOLSIG+  [26, 27, 29], 
and for the overall effective ionization (blue lines) according to 
equation (16) as a function of the reduced electric field strength. 
Gas temperature  =T 350 Kg , air impurities [ ]/[ ] /=N O 4 12 2 , 
metastables density ratio [ ]/[ ] /=He He 1 102

m m .

Figure 10. Effective SEE coefficient γeff for borosilicate glass, 
alumina and magnesia depending on (a) the air impurity ratio [M]/
[He], (b) the density ratio of metastable states [He2

m]/[Hem], (c) the 
lateral discharge extent and (d) the gas temperature. Otherwise, the 
parameters are fixed to [ ]/[ ]  =M He 100 ppm, [ ]/[ ] /=He He 1 102

m m , 
 =d 14 mmdis , and  =T 350 Kg .
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to the simulation in [17], SEE by N2
+ and O2

+ impurity ions 
dominates by one order of magnitude over SEE by photons 
and thermal desorption during the breakdown. Hence, the 
obtained values for effγ  could be related to SEE by ion impact.

4. Self-stabilized discharge filaments

4.1. Discharge characteristics

Self-stabilized discharge filaments were operated with a 
square-wave feeding voltage in helium with 10 vol.%   nitrogen 
admixture at a pressure of 1 bar  . Exemplary, figure 11 shows 
an ICCD camera image of the optical emission averaged over 
the breakdown duration of two self-stabilized discharge fila-
ments. The characteristics are partly reminiscent of the glow-
like BD in helium [5] and the microdischarge (MD) regime 
that is typically observed in air [41]. Two localized emission 
maximums in front of both dielectrics indicate the negative 
and positive glow; near to the cathode there is a Faraday dark 
space followed by a (kind of) positive column, and surface 
discharges propagate in a radial direction on both dielectrics. 
The time-resolved measurements reveal also a Townsend 
pre-phase of microsecond duration with weak emission max-
imum in front of the anodic dielectric, followed by the fast 
cathode-directed ionization front on the nanosecond time 
scale. However, as can be seen from the discharge current 
in figure 12, the overall discharge duration is on the micro-
second time scale, and thus comparable to laterally patterned 
BDs typically operated at lower pressures and discharge gap 
widths smaller than 1 mm   [9, 10]. Moreover, several discharge 
filaments appear almost simultaneously, as also found in pat-
terned BDs. This is shown by the current of four discharge 
filaments driven by U 2.5 kVextˆ  =  (blue lines) compared to a 
single discharge filament at U 2.2 kVextˆ  =  (red lines).

4.2. Spatial conservation of discharge filaments

In this section, the focus is on the importance of the surface 
charge distribution for the spatial conservation of discharge 
filaments in the plane-parallel electrode configuration. In 
practice, operating the self-stabilized discharge filaments is 
achieved by reducing the feeding voltage amplitude after the 
discharge ignition in the microdischarge regime. Figure  13 
shows this procedure. Here, the surface charge density spots 

(averaged over some discharge cycles) represent the ‘foot-
prints’ of the discharge filaments, starting with arbitrary dis-
tributed MDs for U 3.2 kVextˆ  = , followed by rotating and then 
stable filament patterns between 3.0 kV   and 2.3 kV  , and ending 
up with a single stable discharge filament for 2.2 kV  . Again, 
the possibility to operate a single discharge filament might be 
explained by inhomogeneities in the discharge gap width and 
the gas flow rate. It is striking that the surface charge spots can 
differ from a circular profile which depends on the respective 
pattern and is most notable at 2.4 kV  . The incident charge car-
riers of the same polarity get laterally distracted, both during 
the breakdown and the subsequent surface discharge, which 
can deform the final surface charge distribution. Due to the 
long lifetime of surface charges, this deformation influences 
the following discharge breakdown and thus the spatial long-
term stability. Here, two discharge filaments and a single one 
turned out to be the most stable systems.

The mechanism behind the mode transition from arbitrary 
distributed MDs to stable filament patterns (and vice versa) 
is associated with the spatio-temporal evolution of the gap 
voltage. The latter is calculated by equation  (7) from the 
measured surface charge density. In figure  14(a), the spa-
tial distribution of the gap voltage is depicted just before the 
breakdown of four discharge filaments (U 2.5 kVextˆ  = ) and a 
single filament (U 2.2 kVextˆ  = ) during the negative half-cycle 
of the feeding voltage. The electric field caused by residual 
surface charges contributes significantly to the gap voltage: 
at the edges, where no surface charges were accumulated, 
the gap voltage is only 1.6 kV −  equal to the partial feeding 
voltage drop across the gas gap, whereas the required break-
down voltage of about 2.6 kV −  is only reached at the center 
of the surface charge spots. Thus the additional electric field 
caused by the surface charge spot enhances the gap voltage by 
about 1 kV −  with respect to the partial feeding voltage drop. 
This result emphasizes the outstanding importance of the spa-
tial surface charge distribution for the self-stabilization of dis-
charge filaments (surface memory effect). Besides, metastable 
species (and even charge carriers in regions with low electric 

Figure 11. ICCD camera image of the optical emission averaged 
over the breakdown duration of two self-stabilized discharge 
filaments. Borosilcate glass on top of the BSO crystal, helium with 
10% nitrogen admixture,  =p 1 bar, ˆ  =U 2.3 kVext .

Figure 12. Square-wave feeding voltage and discharge current 
over one discharge cycle for two different voltage amplitudes 
ˆ  =U 2.5 kVext  (four filaments) and ˆ  =U 2.2 kVext  (one single 
filament). Borosilcate glass on top of the BSO crystal, helium with 
10% nitrogen admixture,  =p 1 bar.
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field) might survive during two consecutive discharge break-
downs (volume memory effect) and contribute to the pre- 
ionization and thereby to the local re-ignition of the discharge 
filaments.

In figure 14(b), the maximum and the minimum of the gap 
voltage distribution are plotted as time-resolved for the case of 
the four discharge filaments at U 2.5 kVextˆ  =  feeding voltage 
amplitude, compared to figure 14(a). Thus, the gray colored 
area encloses the whole gap voltage range over the entire 
electrode area, whereas the black and blue curves indicate the 
temporal development of the gap voltage at the edges and in 

the center of the surface charge spots, respectively. Regarding 
the spot centers, the gap voltage drops significantly after the 
breakdown voltage was reached. In contrast, the required 
breakdown voltage is never reached in the surrounding 
regions, wherefore no additional discharge events occur after 
the initial simultaneous ones. However, the discharge stability 
get lost when the feeding voltage amplitude is continually 
increased. The breakdown voltage is then reached also out-
side the spot centers which first causes rotating filament pat-
terns and, finally at significant over-voltage, the trans ition to 
the microdischarge regime.

4.3. Influence of different dielectrics

In figure 15(a), the surface charge density distribution for a 
single self-stabilized discharge filament as well as (b) the 1D 
radial profiles through the center of the positive and negative 
surface charge spots are plotted in comparison for the three 
dielectrics studied. Both the positive and negative surface 
charge profiles can be approximated by a Gaussian distribu-
tion with height p,nσ  and full width at half maximum wp,n, as 
already shown in previous investigations on the mere BSO 
crystal [7, 8]. The positive surface charge density profile 
peaks at about 6 nC cm 2    −  which is twice as large as the height 
of the negative profile, 3 nC cm 2   − − . Although, conversely, wn 
is larger than wp, however, the overall amount of deposited 
charge

Q w
2

p,n p,n
2

p,n
π

σ≈ (17)

is clearly larger for the positive polarity (Q 2.2 nCp  ≈ ) than for 
the negative polarity (Q 1.7 nCn  ≈− ). This discrepancy may 
indicate the recombination of surface electrons with posi-
tive ions stored in a region with low electric field during the 
discharge afterglow. But note that a mismatch between the 

Figure 13. Spatial distribution of the surface charge density after 
the filamentary breakdown within the positive half-cycle of the 
discharge for different feeding voltage amplitudes. Borosilcate glass 
on top of the BSO crystal, helium with 10% nitrogen admixture, 

 =p 1 bar.

Figure 14. Spatio-temporally resolved gap voltage during the 
formation of self-stabilized discharge filaments: (a) spatial gap 
voltage distribution just before the discharge breakdown in the 
negative half-cycle of the discharge for two different voltage 
amplitudes and (b) dynamics of the minimum and maximum gap 
voltage for ˆ  =U 2.5 kVext , from the discharge pre-phase to the post-
phase. Borosilcate glass on top of the BSO crystal, helium with 10% 
nitrogen admixture,  =p 1 bar.

Figure 15. Positive and negative surface charge spots as the 
footprints of a single self-stabilized discharge filament:  
(a) 2D surface charge density distributions and (b) corresponding 
1D profiles through the maximum and minimum, respectively, for 
different dielectrics on top of the BSO crystal. Helium with 10% 
nitrogen admixture,  =p 1 bar, ˆ  =U 2.2 kVext .
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overall amounts of positive and negative surface charges was 
also observed for the microdischarge regime in [7, 8].

The comparison between the negative and positive sur-
face charge density profiles for the three dielectrics reveals 
no remarkable difference in the full width at half maximum, 
but in the overall amount of deposited surface charge. This 
is particularly true for the positive polarity, as shown on the 
right side of figure 15(b). As reported in [11], the lateral diffu-
sion of surface charges on the dielectrics occurs on the second 
time scale and hence has no influence on the dimensions of 
the surface charge profiles during the discharge operation. 
But, as already discussed for the diffuse BD, the amount of 
surface charges is influenced by the permittivity. The latter 
is largest for alumina ( 10.55rε = ), closely followed by mag-
nesia ( 9.65rε = ), and clearly smallest for borosilicate glass 
( 6.7rε = ), which agrees with the ranking of the measured sur-
face charge amount.

In figure 16, the discharge current is plotted for a single dis-
charge filament operated at U 2.2 kVextˆ  =  comparing the three 
materials acting as the cathodic dielectric. The discrepancy 
in the breakdown onset with respect to the feeding voltage 
can be explained by two different aspects. First, the break-
down voltage is largest for borosilicate glass (2.715 16 kV( )  ), 
followed by alumina (2.665 14 kV( )  ) and smallest for mag-
nesia (2.600 14 kV( )  ). The cathodic dielectric material also 
has a crucial influence on the filamentary discharge, due to 
secondary electron emission during the Townsend pre-phase, 
as discussed for the diffuse BD in section 3. Consequently, the 
effective SEE coefficient is largest for magnesia, in agreement 
with the results for the diffuse discharge. The SEE yield influ-
ences the formation of a critical space charge that initiates 
the cathode-directed ionization front and thus the breakdown 
onset. Second, the electrostatic memory effect depends on the 
overall amount of deposited surface charges that is largest for 
alumina, as shown in figure  15(b). Summarized, the break-
down condition is at first reached for alumina, second for 
magnesia and at last for borosilicate glass.

5. Summary and outlook

The presented work reports on the successful extension of the 
surface charge diagnostics based on the electro-optic Pockels 
effect of a bismuth silicon oxide (BSO) crystal to more 

commonly used dielectric materials in barrier discharge con-
figurations. This was achieved by covering the BSO crystal 
with a variable transparent dielectric such as borosilicate 
glass, alumina and magnesia. The applicability is proved by 
the excellent agreement of the phase-resolved surface charge 
with the overall transported charge during the operation of 
the homogeneous glow-like BD. Beyond, the measuring acc-
uracy of the advanced surface charge diagnostics is once more 
enhanced in comparison to previous works.

The combination and correlation of this method with the 
measurement of electrical characteristics and ICCD camera 
imaging was performed on the diffuse glow-like BD in 
nominally pure helium at 500 mbar  , and the self-stabilized 
filamentary discharge in helium with 10 vol.%   nitrogen 
admixture at 1 bar  . Regarding the diffuse glow-like BD, a 
significant discrepancy in the breakdown voltage is caused 
by variation of the cathodic dielectric material, due to dif-
ferent secondary electron emission (SEE) coefficients. In 
particular, the results indicate that magnesia has the largest 
effective SEE coefficient. This was also quantified using 
Townsend’s criterion for the breakdown voltage in combina-
tion with analytical calculations of the effective ionization 
coefficient in helium with small air impurities. In spite of 
the uncertainties, e.g. in the gas impurity concentration, gas 
temperature and lateral discharge extent, reasonable values 
for the effective SEE coefficients between 0.02 and 0.4 were 
obtained from this approach for the different dielectrics 
studied.

The crucial impact of the surface charge memory effect 
on the re-ignition behavior was demonstrated for the fila-
mentary discharge. Single discharge filaments operated in the 
plane-parallel electrode configuration can periodically reig-
nite at the same positions due to the long lifetime of surface 
charges, which are Gaussian distributed in local spots marking 
the ‘footprints’ of the discharge filaments. The transition to 
arbitrary distributed microdischarges is avoided and in turn 
the discharge filaments are spatially conserved as long as the 
breakdown voltage is only reached at the center of the surface 
charge spots. This was concluded from the spatio-temporal 
evolution of the gap voltage. Just as pointed out for the diffuse 
discharge, the influence of different dielectrics on the filamen-
tary discharge is observable in the amount of deposited sur-
face charge that increases with rising permittivity, as well as 
in the pre-ionization during the Townsend pre-phase, which 
depends on the effective SEE yield.

In order to improve the estimation of effective SEE coef-
ficients using Townsend’s criterion for the breakdown voltage, 
the investigation of the diffuse Townsend-like BD in nitrogen 
is favorable, due to the approximately constant electric field 
across the gas gap during the whole breakdown duration. 
However, the discharge operation in nitrogen demands high-
power supplies and small discharge gap widths, respectively. 
Moreover, the comprehensive study of the existence regimes, 
stability criteria (volume and surface memory effect) and 
breakdown mechanism of the single self-stabilized discharge 
filament by combined volume and surface diagnostics is 
planned as well.

Figure 16. Discharge current of a single self-stabilized discharge 
filament for different materials acting as the cathodic dielectric. 
Helium with 10% nitrogen admixture,  =p 1 bar, ˆ  =U 2.2 kVext .
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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
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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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¶G
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S z t

z t

z

,
,

,
, 9k

k
k

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 = -
¶

¶
( ) ( ) ( )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
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r Q
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SP CB
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d
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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
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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.
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1. Introduction

Atmospheric pressure barrier discharges (BDs) have a high 
technological potential [1–4]. In particular, in biomedicine, a 
crucial role is assigned to BDs operating in oxygenated sys-
tems as an effective source of radicals. Admixing oxygen (O2) 
to the buffer gas helium (He) enables a compromise between 
chemical reactivity and discharge stability. The operation 
of the He/O2 discharge is more efficient due to lower power 
consumptions, and the gas temperature is maintained close to 
room temperature [5]. The latter is advantageous for the treat-
ment of temperature-sensitive biological samples [6].

The He BD typically operates in the diffuse glow mode  
[7–11]. Since oxygen is strongly electronegative, the forma-
tion of negative ions may significantly change the discharge 

properties. Well known from the low pressure discharges in 
electronegative systems, electron attachment reactions have a 
large influence on the effective ionization kinetics [12–14]. 
The electron density is reduced due to the formation of nega-
tive ions. The latter have a much larger mass and, corresp-
ondingly, less mobility than electrons. Thus, negative ions do 
not contribute to the gas ionization but enhance the ion–ion 
recombination that retards the ionization kinetics twice. This 
can further lead to attachment-induced instabilities and dis-
charge mode transitions [15–17].

Unlike the comprehensive studies on negative ion dynamics 
in low pressure discharges, there is still a lag of experimental 
efforts in the field of atmospheric pressure discharges. In part-
icular, the small discharge dimensions down to the submil-
limeter scale are a great challenge for plasma diagnostics.  
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Even though numerical simulations often consider negative ions 
as one species in the charged particle balance [18–21], their effect 
on the discharge development has not been emphasized clearly.

Nevertheless, a specific prediction can be deduced. The 
reaction rates for electron attachment and electron impact 
ionization depend on the reduced electric field strength. Since 
the latter changes significantly during the operating cycle of 
the barrier discharge [22–24], the importance of the negative 
ion formation should differ for the discharge prephase, break-
down, and postphase.

The presented work analyzes the importance of negative ions 
in diffuse He/O2 barrier discharges taking into account conclu-
sions from the laser photodetachment experiment. It is the first 
part in a trilogy of publications and will be complemented by: (II) 
a 1D numerical fluid simulation of the He/O2 barrier discharge 
and (III) the comparison between the experimental results and 
the simulated laser photodetachment of negative ions.

The outline of the article is as follows. Section 2 describes 
the setup and the diagnostic techniques. The He/O2 barrier 
discharge is characterized in section 3. Finally, section 4 pre-
sents the laser photodetachment experiment and discusses the 
influence of negative ions on the discharge development.

2. Experimental setup and methodology

2.1. Discharge cell

Figure 1 illustrates the concentric discharge cell configuration. 
The plane-parallel electrodes are covered with float glass (thick-
ness of 0.7 mm, dielectric constant of 7.6). Gap spacers made 
of polyetheretherketon define the discharge gap width of 3 mm. 
Moreover, the diameter of both the high-voltage-driven electrode 
made of copper and the grounded aluminum block is 12 mm. 
Thus, the discharge area overlaps largely with the laser beam 
(horizontal extent of about 10 mm), which is used for the laser 
photodetachment experiment. Four orifices at the discharge cell 
enable the direct gas supply, the investigation of the optical emis-
sion coming from the discharge volume, and the laser guidance.

2.2. Vacuum system and gas supply

The discharge cell is placed inside a vacuum chamber made 
of stainless steel, which is evacuated to a base pressure below 
10 mbar5 −  before the experiment starts. Two mass flow con-
trollers set the gas flow rate of He and O2 (respective purity 

99.999%> ). In this way, well-defined He/O2 mixtures were 
realized with a maximum O2 concentration of 1 vol.%. The 
gas pressure of 500 mbar was kept constant in the flowing 
regime (300 sccm) by the combination of a diaphragm pres-
sure gauge (MKS), a butterfly valve (MKS), and a process 
pump (TRIVAC D25BCSPFPE).

2.3. Electrical measurements

Figure 2 depicts a sketch of the diagnostic setup. A Trek 
PM04015 power supply operates the high-voltage electrode 
with a sine wave or square wave voltage of 2 kHz frequency. 
The transported charge Q text( ) was measured via an external 

capacitor with C 3.4 nFext  =  at the grounded electrode. The 
electrical signals were recorded by a digital oscilloscope 
(LeCroy 9304AM) with a bandwidth of 200 MHz. Figure 3 
illustrates the electrical equivalent circuit that was used for the 
calculation of the discharge current I tdis( ) and the gap voltage 
U tgap( ) based on the model given in [29, 30]:
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The gas gap is represented by the time-dependent resist-
ance R tgap( ) and the capacitance Cgap in parallel, and the two 
di electric plates constitute the capacitance Cdie. Both Cgap as 
well as Cdie were calculated with the electrode area defining 
the lateral discharge extent. Ctot corresponds to the total dis-
charge cell capacitance that was derived from the flat slope of 
the Q Uext ext( ) plot, and C C C C C C/par tot gap die gap die( )= − +  is 
the parallel capacitance beyond the electrode extent.

2.4. Optical emission spectroscopy

The optical emission coming from the discharge volume was 
measured by means of a vertically movable lens (focal length 

Figure 1. Side-view of the discharge cell configuration.

12 mm

3 mm

Al

25 mm

glass plates

discharge gap PEEK

HV

Figure 2. Diagnostic setup: electrical measurements, optical 
emission spectroscopy, and laser photodetachment.
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of 150 mm), a monochromator (Acton Research Corporation, 
SpectraPro, focal length of 500 mm), and a photomultiplier 
tube (Hamamatsu R928). The lens depicted an image of the 
discharge emission of the inverse original size onto a hori-
zontal slit mounted at the entrance of the monochromator. 
The discharge gap was scanned by moving the lens in steps of 
0.1 mm, and the slit width was 0.2 mm. The spectral resolution 
of 1 nm was achieved by the fixed 1200 mm1 −  grating, and the 
adjustable width of the vertical slits just in front and behind 
the monochromator. The corresponding electrical signal was 
recorded by the LeCroy 9304AM with a temporal resolution 
of 0.2 μs and was synchronized with the phase of the feeding 
voltage.

2.5. Laser photodetachment

The photodetachment experiment was performed using the 
fundamental wavelength 1064 nmlsr  λ =  and the second har-
monic wavelength 532 nmlsr  λ =  of a Nd:YAG laser (Quanta 
Ray GCR 130, 10 Hz repetition rate, 170 mJ maximum 
energy, 10 ns pulse duration). A cylindrical lens (focal length 
of  −300 mm) focused the laser beam only vertically down to 
0.25 mm at the focal point just in front of the discharge cell, 
see figure 2. The focal point was shifted along the optical axis 
in order to adjust the vertical extent of the divergent laser beam 
within the center of the discharge cell. As depicted in figure 4, 
the vertical extent of the laser beam was set to approximately 
1 mm as a compromise between: (i) illuminating a large part 
of the discharge volume and (ii) avoiding the laser interaction 
with the charged glass barriers.

A power meter detected the laser pulse energy Elsr just 
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. Moreover, the laser 
pulse was shifted along the phase of the feeding voltage by 
means of a pulse delay generator (SMV PDG 204). The meas-
ured electrical and optical signals were averaged over 500 
laser pulses of 10 Hz frequency. Each time, at least two con-
secutive discharge cycles of 2 kHz frequency were recorded in 
order to analyze the change in the characteristics of the laser-
affected discharge compared to the unaffected discharge.

3. Characterization of He/O2 barrier discharge

Figure 5 compares the BD operation in (a) pure He (purity 
99.999%> ) and (b) He with a 400 ppm O2 admixture. In 

both cases, the discharge was driven by a sine wave voltage 
with an amplitude of U 0.7 kVextˆ  = . At the top, the feeding 
voltage U text( ), gap voltage U tgap( ), and discharge current 
I tdis( ) are shown for one discharge cycle. Below, the spatio-
temporally resolved line emission at 706.5 nm λ =  of excited 
He is depicted. Note that the periodic change from anode to 
cathode and vice versa is defined by the zero crossing of the 
gap voltage and is marked by a white dashed line.

As seen in figure  5(a), the discharge current of the pure 
He discharge peaks at 0.2 mA with a pulse duration of about 
30 s µ . The transported charge is large enough to cause a sig-
nificant drop in the gap voltage. Moreover, the He emission 
arises at the anode simultaneously with the discharge cur-
rent onset and reaches its maximum near the cathode at the 
moment of maximum current. The excited SHe 33(  ) state is 
mainly populated by direct electron-impact excitation from 
the He ground state:

S SHe 1 e He 3 e ,1 3( ) → ( )+ +− − (3)

S P hHe 3 He 2 706.5 nm .3 3( ) → ( )  (   )ν+ (4)

Due to the high excitation energy of 22.7 eV  , the He emission 
indicates an ionizing front that propagates toward the cathode 
and ends in the cathode fall region [22]. This is typical for 
the glow-like barrier discharge in He. However, in previous 
studies using a smaller gas gap of 1 mm instead of 3 mm, the 
ionizing front failed to appear, and the Townsend mode of the 
barrier discharge was observed [10, 11].

Figure 5(b) characterizes the discharge in He with a  
400 ppm O2 admixture. In contrast to the discharge in pure He,  
now, two breakdowns per half-period are observed at other-
wise constant operating conditions. The first discharge break-
down reveals the same characteristics as the single glow-like 
breakdown in pure He. However, the breakdown voltage is 
slightly reduced in the presence of oxygen, which indicates 
an enhanced pre-ionization. Due to the significantly lower 
ionization energy E 12.1 eVion, O2    =  of O2 in comparison 
to E 24.6 eVion, He    =  for He, the effective ionization rate 
increases with the rising O2 admixture because of additional 
electron impact ionization and Penning ionization

O e O 2e ,2 2→+ +− + − (5)

Figure 3. Electrical equivalent circuit: The discharge gap is 
represented by the time-dependent resistance ( )R tgap  and the 
capacitance Cgap in parallel. Both glass plates determine the 
capacitance Cdie, and Cpar considers the parallel capacitance beyond 
the lateral electrode extent.
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Rgap(t)Ugap(t)

Udie(t)

Uext(t)

Figure 4. Axial position zlsr of the divergent laser beam within the 
discharge gap. The dielectric plates are charged with negative and 
positive surface charges that are represented by circles.

laser
beam

HV

1 mm

3

2

1

0

z l
sr
 [m

m
]

glass

glass

Plasma Sources Sci. Technol. 25 (2016) 025004

Article VII

129



R Tschiersch et al

4

O He O e He.2
m

2→+ + ++ − (6)

In particular, the Penning process dominates the effective 
ionization rate since the excitation of metastable Hem states, 
including the atomic states SHe 21( ) and SHe 23( ), and the 
excimer aHe2

3
u( )Σ+ , is much more efficient than the direct 

ionization of He [18, 21, 31].
As a result of the slightly lower ignition voltage and the 

shorter effective lifetime of the He metastable states according 
to reaction (6), the first breakdown of the He/O2 discharge is of 
shorter duration than the breakdown of the pure He discharge. 
As well, the amount of transported charge is less indicated by 
the smaller time integral over the discharge current pulse. In 
turn, the less transported charge causes a smaller drop in the 
gap voltage too. Afterwards, the gap voltage rises and, again, 
the ignition condition is reached for a subsequent discharge 
breakdown within the same half-period. This behavior was 
already observed for the He/O2 barrier discharge in a 1 mm 
gas gap: multiple Townsend-like current pulses occurred for 
raised O2 concentrations [32].

The second breakdown differs significantly from the first 
glow-like breakdown. In detail, the amplitude of the discharge 
current is one order of magnitude smaller, the pulse duration is 
twice as long, and the gap voltage keeps nearly constant during 

the second breakdown. Most notable is the maximum He emis-
sion in front of the anode revealing the Townsend mode of the 
barrier discharge. This discharge mode is favored by the slight 
increase in the feeding voltage and by an enhanced secondary 
electron emission. Most likely, positive ions are produced by 
Penning ionization during the afterglow of the first breakdown 
and, then, reinforce the secondary electron emission during 
the prephase of the second breakdown.

In general, with an increasing admixture of O2 to He, the 
discharge becomes unstable, which manifests as a temporal 
jitter in the onset of discharge ignition. The latter entails a 
differ ential discharge development when comparing subse-
quent operating cycles, and it explains the broader signal of 
the averaged He emission in figure 5(b). Discharge instabili-
ties were already observed in low pressure discharges oper-
ating in electronegative systems [16]. An imbalance between 
the electron attachment rate and the ionization kinetics is 
assumed to give rise to fluctuations in the electron density. 
The next section aims to answer whether the presence of nega-
tive ions also reveals a remarkable influence on the properties 
of the He/O2 barrier discharge at elevated pressures.

4. Laser photodetachment experiment

The experiment analyzes the change in the electric discharge 
characteristics caused by laser photodetachment of negative 
ions X−:

hX X e .→ν+ +− − (7)

Therefore, the discharge current as well as the gap voltage  for 
the unaffected discharge are compared with the laser-affected 
discharge, both recorded in subsequent operating cycles. On 
the one hand, this method does not demand additional diag-
nostic techniques for the measurement of detached electrons, 
which is impracticable at the small discharge dimensions and 
at elevated pressures as well. On the other hand, a change in 
the breakdown characteristics due to laser photodetachment 
allows conclusions on the importance of detached electrons, 
and contrary to negative ions, for the discharge physics, in 
general.

4.1. Control measurements

Control measurements were required to exclude any undesir-
able laser-induced effects on the discharge apart from the laser 
photodetachment of negative ions, e.g., laser photons inter-
acting with the buffer gas He or laser photodesorption of sur-
face-bound electrons. In figure 6, the gap voltage U tgap( ) and 
the discharge current I tdis( ) are plotted by dashed lines for the 
laser-affected discharge in (a) pure He and (b) He with a 600 
ppm nitrogen admixture. Molecular nitrogen has roughly sim-
ilar ionization and dissociation energies as molecular oxygen, 
but oxygen solely is electronegative. Moreover, the corresp-
onding electrical quantities of the unaffected discharge are 
gray colored. Exemplarily, the laser was fired during the pre-
phase of the discharge (top) and during the discharge break-
down (bottom), which is marked by arrows. The laser at its 

Figure 5. Applied voltage ( )U text , gap voltage ( )U tgap , and discharge 
current ( )I tdis  (top) and spatiotemporally resolved He I emission 
at  706.5 nm (bottom) for the BD in (a) He and (b) He with a 

   400 ppm O2 admixture. Applied voltage amplitude ˆ  =U 0.7 kVext .
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second harmonic wavelength of 532 nmlsr  λ =  and maximum 
pulse energy of E 70 mJlsr  =  passed the discharge volume 
through the center of the gas gap.

In both figures  6(a) and (b), the plotted discharge cur-
rent and gap voltage with and without laser pulse overlap 
completely. Thus, no change in the discharge characteristics 
was found, that means no significant disturbance of the dis-
charge physics in He and He/N2 mixture can be assumed. 
Furthermore, no change in the discharge characteristics was 
identified due to shifting the moment of laser firing over the 
complete discharge cycle, variation of the axial laser position 
without hitting the charged dielectrics, and usage of the funda-
mental wavelength 1064 nmlsr  λ = . Moreover, no long-term 
effect on the discharge behavior referred to laser heating of 
the buffer gas or the electrode materials occurred. These con-
trol measurements serve as an essential reference for the laser 
photodetachment experiment performed in He/O2 mixtures.

4.2. Laser photodetachment effect

4.2.1. Phenomenology. Figure 7 presents the laser-affected 
discharge operating in (a) He with a 400 ppm O2 admixture 
at a sine wave feeding voltage of U 0.7 kVextˆ  =  and (b) He 
with a 5000 ppm O2 admixture at a square wave voltage of 

U 0.8 kVextˆ  = . The depiction is the same that was used for the 
reference measurements. Unlike the results in He and He/N2 
mixtures, a small but systematic change in the laser-affected 
electrical quantities occurs when operating the discharge in 
He with O2 admixtures.

This difference appears when the laser is fired during the 
prephase of the discharge solely within the highlighted tem-
poral window. Since the duration of the discharge prephase 
is restricted by the rise time of the feeding voltage signal, 
this temporal window is shorter for the square wave-driven 
discharge (3 s µ ) in comparison to the sine wave operation 
(30 s µ ). In contrast, when the breakdown phase starts as well 
as during the discharge postphase, the laser exposure reveals 
no influence on the discharge behavior at all.

Figure 8 illustrates the laser-induced effect on the discharge 
breakdown on a finer time scale according to the example that 
is given in figure  7(a). The laser-affected discharge current 
and the unaffected current are plotted by a dashed red line and 
a solid gray line, respectively. The area enclosed by the cur-
rent signal corresponds to the amount of transported charge. 
In general, the difference between the discharge current pulses 
can be quantified by two characteristic features. The primary 
effect is the small decrease in the breakdown voltage that cor-
responds to a shift of the discharge ignition to earlier times. 
Consequently, the maximum of the laser-affected current is 
reached earlier (at ta) than the maximum of the unaffected cur-
rent (at tu), which allows the definition of the first quantity,

t t t .u a∆ = − (8)

Second, the amount of transported charge for the laser-affected 
discharge and the unaffected discharge is given by Qa and Qu, 
respectively. As can be seen in figure 8, Qa is smaller than Qu 
by their difference,

Figure 6. Control measurements in (a) He and (b) He with a 
   600 ppm N2 admixture. In each case, the gap voltage ( )U tgap  and 

discharge current ( )I tdis  with laser pulse are depicted by dashed lines 
for two different moments of laser firing marked by arrows. The 
electrical quantities without laser pulse are depicted with gray lines. 
Sine wave voltage ( ˆ  =U 0.7 kVext ). Laser: center of the discharge 
gap  λ = 532 nmlsr ,  =E 70 mJlsr .
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Figure 7. Laser photodetachment effect on the discharge 
operated in (a) He with a    400 ppm O2 admixture at a sine wave 
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Q Q Q .u a∆ = − (9)

Both correlating quantities, the time shift t∆  between the dis-
charge current pulses and the difference in transported charge 

Q∆ , serve for the further discussion of the laser photodetach-
ment effect.

The laser-induced decrease in the breakdown voltage of the 
He/O2 discharge indicates an amplified pre-ionization rate. In 
turn, this demands the supply of additional electrons that drive 
on the gas ionization beyond the unaffected development. 
Taking into account the control measurements in pure He and 
the He/N2 mixtures, the enhanced pre-ionization results from 
the interaction between laser photons and oxygen species. 
Most likely, the laser photodetachment of negative ions pro-
vides the source of additional electrons due to the compara-
tively low photon energy of 2.3 eV  . Laser photoionization can 
be excluded since the ionization energies of the most abundant 
neutral species during the discharge prephase, such as O2 in 
its ground state and its metastable states, O, and O3, amount 
to 11.2 –13.6 eV [33].

Since no immediate change in the transported charge is 
observable at the moment of laser firing, the number of elec-
trons resulting from laser photodetachment is below the detec-
tion limit. With regard to the measuring capacitance of 3.4 
nF, typical amplitudes of the averaged measuring signal of 
a few volts, and the 12 bit vertical resolution of the LeCroy 
9304AM, the resolution limit is estimated to be on the order  
of pC. Assuming the volume element of the laser beam that 
overlaps with the discharge volume to be approximately defined 
by length width height 1.2 cm 1.0 cm 0.1 cm     × × = × × , a 
number density of the detached electrons can be estimated 
to be, at most, n 10 cme

7 3 ∆ = −− . In turn, ne∆ − corresponds 
to the maximal negative ion density if all negative ions were 
detached by the laser. During the early discharge prephase at 
a low background electron density, even this small amount 
of additional electrons may noticeably contribute to the pre-
ionization dynamics.

4.2.2. Elementary processes. By means of the second 
harmonic laser wavelength 532 nmlsr  λ =  (photon energy 
of 2.3 eV), the negative ion species O− (electron affinity of 
1.46 eV), O 0.44 eV2  (   )−  as well as O 2.1 eV3  (   )−  are detached 
[25–28]. The detached electrons are immediately thermalized 
in comparison to the microsecond time scale. This is irrespec-
tive of their initial kinetic energy defined by the difference 

between laser photon energy and respective electron binding 
energy. Thus, regardless of the original negative ion species, 
the detached electrons contribute the same to the ionization. 
The atomic ion O− is predominantly formed by dissociative 
electron attachment,

O e O O ,2 →+ +− − (10)

with a rate coefficient of T9 10 exp 4.4/ cm s11
e

3 1( )  × −− −  [20]. 
The main production of the molecular ions O2

− and O3
− is 

yielded in three-body collisions,

O e He O He,2 2→+ + +− −
 (11)

O O He O He,2 3→+ + +− −
 (12)

with rate coefficients estimated to be  − −10 cm s31 6 1 [34]. At 
elevated pressures, the thermolecular processes (11) and (12) 
outweigh within the zoo of possible reaction channels since 
the background gas He carries away the excess energy. A time 
constant τ can be estimated, which describes the relaxation 
based on electron reattachment processes,

k n .
i

i O

1

2

⎛

⎝
⎜

⎞

⎠
⎟∑τ = ⋅
−

 (13)

Here, ki denotes the accordant rate coefficients of the attach-
ment reactions (10)–(12) in which the background gas  density 
n p k T/ 10 cmHe B He

19 3( )  ≈ ≈ −  is already canceled out for ther-
molecular reactions, and nO2 is the density of O2 in the ground 
state. For O2 concentrations of 400 ppm up to 1 vol.%, the 
relaxation times amount to 2.5 s τ µ≈  and 0.1 s τ µ≈ , respec-
tively, which is still longer than the electron transit time at 
high gap voltage values just before the breakdown onset. 
Consequently, the detached electrons move to the anodic 
dielectric and participate in ionization processes before they 
will be reattached.

Figure 9 compares selected attachment (i, ii) and ioniz-
ation processes (iii, v) as well as the excitation of metastable 
He (iv) for the experimental conditions used. The rate coef-
ficients were calculated with BOLSIG  +  as a function of the 
reduced electric field strength [35–37]. Note that reactions 
(10) and (11) are considered but not reaction (12). This is suf-
ficient since the formation of O3

− follows the dynamics of the 
O− density. The production of negative ions by attachment 
reactions outweighs at small reduced electric field strengths. 
However, the main processes that drive on the gas ioniz ation 
(including Penning ionization that follows the excitation of 
He metastable states) predominate starting from about 10 
Td. Since the electric field distribution changes significantly 
during the barrier discharge cycle [22, 24], one can expect 
a differential importance of electron attachment processes 
as well.

During the early prephase, the reduced electric field 
strength is comparatively small. The electron density in -
creases slightly because of the low ionization rate, and the for-
mation of negative ions is important. Thus, the weakly ionized 
gas may be characterized by significant content of negative 
ions, and additional electrons provided by laser photodetach-
ment may noticeably amplify the pre-ionization. As a result, 

Figure 8. Quantities of the laser photodetachment effect: time shift 
∆ = −t t tu a and difference in transported charge ∆ = −Q Q Qu a 
resulting from the comparison between the unaffected discharge and 
the laser-affected discharge according to figure 7(a).
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an earlier discharge ignition is observed in the experiment. In 
contrast, during the discharge breakdown, electron attachment 
is negligible in comparison to the effective ionization at a high 
electric field strength of the cathode-directed ionizing front. 
Consequently, the detached electrons do not influence signifi-
cantly the discharge development. Therefore, no laser photo-
detachment effect is observed when the laser is fired during 
the discharge breakdown.

4.2.3. Dependencies. In order to obtain more detailed 
knowledge of the laser photodetachment effect, systematic 
variations of the spatial (axial) position of the laser beam 
inside the discharge gap, the moment of laser firing within 
the discharge prephase, the laser pulse energy, and the oxy-
gen concentration were carried out. The following discussion 
is focused on the sine wave-driven discharge in He with a  
400 ppm O2 admixture.

Figure 10 shows the time shift t∆  and the difference in 
transported charge Q∆  in response to the axial position of the 
laser beam. In more detail, t∆  as well as Q∆  were averaged 
over the temporal window of laser firing that is highlighted in 
figure 7(a). Moreover, the accordant reference measurement 
in pure He is depicted. Both correlating quantities, t∆  and 

Q∆ , behave qualitatively in the same way: there is no effect 
at all in pure He, whereas, in the case of the He/O2 discharge, 
a minimum in the center and two maxima just in front of the 
anode and cathode are observed.

The axial profiles can be explained by two different aspects. 
First, the laser photodetachment effect should increase with 
the rising density of detached electrons and, hence, with the 
rising density of the negative ions. During the early prephase, 
no significant space charge is formed, wherefore the electric 
field is nearly constant across the gas gap, and the electron 
density increases exponentially toward the anode [18, 23]. 
This phase is referred to as the Townsend prephase. The for-
mation of negative ions follows the dynamics of the electron 
density according to reactions (10) and (11), wherefore the 
negative ion density should be maximal in front of the anode 
as well. Second, besides the density distribution of negative 

ions, the spatial origin of the detached electrons itself is cru-
cial for the magnitude of the laser photodetachment effect. 
Electrons that are detached in front of the cathode act as addi-
tional “starting electrons.” These electrons contribute the most 
to the pre-ionization by initiating avalanches with an exponen-
tially increasing number of electrons toward the anode.

To summarize, the combination of both (i) the exponen-
tial increase in the negative ion density toward the anode 
and (ii) the larger influence of electrons detached near  
the cathode may explain the maximum values in front of the 
electrodes.

Figure 11 shows the time shift t∆  and the difference in 
transported charge Q∆  as a function of the moment of laser 
firing, each for different laser pulse energies. The moment of 
laser firing was varied within the prephase of the discharge 
cycle, which is indicated above. The laser beam passed 
through the center of the discharge gap. When shifting the 
moment of laser firing within the prephase, the laser photode-
tachment effect starts, reaches its maximum, and disappears 
just before the breakdown onset.

During the early prephase, the negative ion density may 
outweigh the background electron density so that additional 
(detached) electrons contribute significantly to the pre- 
ionization. The maximum’s position as well as the width of 
the profiles in t∆  and Q∆  depend on the relaxation time of 
the laser-affected pre-ionization. This relaxation time must be 
long enough to induce any influence on the discharge break-
down. Thus, the temporal profiles in t∆  and Q∆  are deter-
mined by the reaction kinetics and, therefore, depend on the 
He/O2 mixture. The background electron density rises when 
coming closer to the breakdown onset. Finally, the compara-
tively marginal number of detached electrons do not crucially 
influence the ionization rate anymore.

The laser photodetachment effect grows with increasing 
laser pulse energy. This dependence is depicted in figure 12 
for both quantities, t∆  and Q∆  in which each data point 
results from averaging over the temporal profile of respective 
laser pulse energy in figure 11.

Figure 9. Rate coefficients as a function of the reduced electric 
field strength for associative and dissociative electron attachment  
(i, ii) and electron impact ionization as well as excitation of 
metastable Hem (iii–iv) calculated with BOLSIG  +  [35].
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The growth of t∆  as well as Q∆  is nonlinear but saturates at 
higher laser pulse energy. This is expected if the change in the 
discharge characteristics is caused by laser photodetachment 
of negative ions: with an increasing number of laser photons, 
the number of detached electrons rises as well and, finally, 
reaches saturation when all negative ions are detached within 
the laser beam volume [25]. Thus, the correlation between the 
laser photodetachment effect t∆  and Q∆  and the laser pulse 
energy Elsr can be described by a saturation approach,

{ } { } [ ]∆ ∆ = ∆ ∆ ⋅ − − ⋅t Q t Q, , 1 e .C E
sat sat

lsr (14)

Here, ∆t sat and Q sat∆  are the saturation values, and the fitting 
parameter C defines the slope.

Figure 13 shows the measured and fitted saturation of 
Q∆  as a function of the laser pulse energy for 200, 400, and  

600 ppm O2 admixtures to He. Since the unaffected dis-
charge itself changes with variation of the O2 concentration, 
the difference in transported charge Q∆  is divided by the 
overall transported charge Q of the respective discharge. 
Within the range of admixtures studied, the laser photode-
tachment effect grows with rising O2 concentration, but this 
trend is nonlinear. On the one hand, the yield of negative 
ions produced by reactions (10)–(12) increases. On the other 
hand, the effective lifetime of He metastable states gener-
ated through detached electrons is reduced through reaction 
(6). The latter may result in a faster relaxation of the laser-
affected pre-ionization at elevated presence of oxygen. In 
turn, the faster relaxation results in a diminished influence 
of detached electrons on the breakdown phase. Nevertheless, 
the increase in the negative ion density with rising O2 con-
centration still dominates.

Within the measuring accuracy, the curves have similar 
fitting parameters = ± = ±−C C0.064 0.007 mJ , 0.0751( )    (  

= ±− −C0.010 mJ , 0.057 0.008 mJ1 1)    ( )   for the 200, 400, and 
600 ppm O2 admixtures, respectively. At least, no contrary 
trend can be stated. This suggests a nearly constant ratio of 
the negative ion species O , O2 − −, and O3

− since the parameter 
C depends on the different photodetachment cross sections as 
will be discussed in the following section.

4.3. Distinction between the negative ion species

The magnitude of the laser photodetachment effect is deter-
mined by the photodetachment yield n n/e X∆ − −, defined as 
the ratio between the densities of detached electrons and 
negative ions. Table  1 summarizes essential photodetach-
ment and photodissociation reactions involving the spe-
cies X O , O , O2 3{ }∈− − − − . As well, the accordant cross 
sections  X lsr( )σ λ−  are listed for the two laser wavelengths. So 
far, only the second harmonic laser wavelength 532 nmlsr  λ =  
was used, which corresponds to the photon energy 
hc / 2.3 eV0 lsr  λ = . Here, h denotes the Planck constant, and c0 
is the vacuum speed of light. Since the electron affinities of 
O, O2, and O3 amount to 1.46, 0.44, and 2.1 eV, respectively, 

Figure 11. Time shift ∆t and difference in transported charge ∆Q 
as a function of the moment of laser firing for different laser pulse 
energies. Sine wave-operated discharge ( ˆ  =U 0.7 kVext ) in He 
with a    400 ppm O2 admixture. Laser: center of the discharge gap, 

 λ = 532 nmlsr .
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laser photodetachment is possible for all the species O , O2 − − 
as well as O3

− [26–28, 38]. Also, laser photodissociation of 
O3
−, forming O− is considered [39]. Note that the dissociation 

of O3
− into O2

− instead of O− is negligible for laser wavelengths 
500 nmlsr  λ >  [40]. However, the two laser wavelengths used 

do not enable the photodissociation of O2
−.

The single yields n n/e X∆ − − were calculated in order to esti-
mate which of the negative ion species X O , O , O2 3{   }∈− − − −  
are most abundant and, thus, responsible for the laser photo-
detachment effect. The rate equation system for the photode-
tachment of O− and O2

−, respectively, can be written as

n

t
f t n

d

d
,X

X X( )= −
−

− − (15)

n

t
f t n

d

d
.e

X X( )=
−

− − (16)

The time-dependent function f tX ( )−  is defined by

f t
A

E

h c
f t f t t =, d 1.

C

X
X

lsr

lsr lsr

0
lsr lsr

X

( )( ) ( ) ∫σ λ
=

−∞

∞

−
−

−

� ����� ����� (17)

Here, Alsr denotes the cross-sectional area of the laser beam, 
and f tlsr( ) is the normalized time-dependent distribution func-
tion of the laser pulse. Note that equation  (17) presumes a 
homogeneous photon flux across Alsr. The time-dependent neg-
ative ion density is obtained by solving the rate equation (15),

n t n e ,F t
X X

X( ) ( ) ( )= −∞− −
− (18)

where nX ( )−∞−  is the initial density of the respective negative 
ion species X− and F tX ( )−  is the integrated function of f tX ( )−  in 
equation (17). Inserting equation (18) into equation (16) and 
solving the rate equation gives the time-dependent density of 
detached electrons,

( )( ) ( ) ( )= −∞ −− −
−n t n 1 e .F t

e X
X (19)

The photodetachment yield for X O , O2{ }∈− − −  is obtained for 
n te ( )= ∞− ,

n

n

n

n
1 e .Ce

X

e

X

X
( )

( )
∆

=
∞
−∞

= − −−

−

−

−

−
 (20)

Just as the observed trends in t∆  and Q∆  of the laser photo-
detachment effect, the yield n n/e X∆ − obeys a saturation law in 
response to the laser pulse energy.

Furthermore, comparing the cross sections  for photo-
detachment and photodissociation of O3

−, stated in table  1, 

reveals the photodissociation to be dominant. In this case, the 
yield of electrons is approximately obtained by the photodis-
sociation of O3

− into O−, subsequently followed by the photo-
detachment of O−. Again, the accordant rate equation system,

n
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d

d
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O
dis
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3 3
( )= −
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− − (21)
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can be separated. The time-dependent density of O3
− is obtained  

analogous to equation (18). Inserting n tO3
( )−  into the rate equa-

tion (22) and integration over time yield the time-dependent 
O− density,
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(24)

Since O− is treated as an intermediate state according to the 
rate equation system (21)–(23), the initial density nO ( )−∞−  is 
zero and, thus, the second term in equation (24) disappears. 
Finally, the electron yield resulting from the combined reac-
tion channels of photodissociation and photodetachment is
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 (25)

Note that the saturation laws in equations  (20) and (25) are 
independent of the actual distribution function f tlsr( ) of the 
laser pulse. However, the slope as well as the saturation energy 
solely depend on CX−, which is specific for the respective neg-
ative ions species. The most uncertain quantities in CX− are 
the cross sections for photodetachment and photodissociation 

Table 1. Photodetachment and photodissociation cross 
sections  ( )σ λ−X lsr  depending on the laser wavelength λlsr.

Reaction

( ) (   )σ λ −− 10 cmX lsr
18 2

λ = 532lsr  nm λ = 1064lsr  nm

→λ+ +− −hcO / O e0 lsr ±6.4 0.6 [26, 27] —
→λ+ +− −hcO / O e2 0 lsr 2 ±1.2 0.2 [27] ±0.4 0.1 [27]

→λ+ +− −hcO / O e3 0 lsr 3 ±0.2 0.1 [28, 38] —

→λ+ +− −hcO / O O3 0 lsr 2 ±3.5 0.5 [39] —

Figure 14. Comparison between laser photodetachment effect 
and calculated yield of detached electrons per negative ion 

{ }∈− − − −X O , O , O2 3  as a function of the laser pulse energy. The 
time shift ∆t  and difference in transported charge ∆Q are divided 
by their saturation levels ∆tsat and Qsat∆  obtained from fitting the 
data in figure 12, and the yields ∆ − −n n/e X  are calculated according 
to equations (20) and (25).
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given by the literature (see table  1) and the cross-sectional 
area of the laser beam inside the discharge volume. The ellip-
tical cross-sectional area A ablsr π=  is defined by the hori-
zontal half-axis a 4.5 0.5 mm( ) = ±  and the vertical half-axis 
b 0.5 0.1 mm( ) = ± .

Figure 14 shows the laser photodetachment effect as a 
function of the laser pulse energy, in more detail the time shift 

t∆  and the difference in transported charge Q∆  divided by 
their saturation levels ∆tsat and ∆Qsat. Furthermore, the exper-
imental data are compared with the yields n n/e X∆ − − of detached 
electrons per negative ion species X O , O , O2 3{ }∈− − − − , calcu-
lated according to equations (20) and (25). The single yields 
are depicted by areas resulting from the uncertainties in CX−. 
Since these areas partially overlap, the covered edges are indi-
cated by dashed lines.

First, the trends ∆ ∆t t/ sat and ∆ ∆Q Q/ sat are in good agree-
ment, which again confirms their correlation. Both of these 
quantities are suitable to describe the laser photodetach-
ment effect, which is determined and limited by the yield 
of detached electrons per negative ion. The strongest effect 
is observed when all negative ions are detached within the 
laser beam volume. Second, the laser photodetachment effect 
reaches saturation within the same range of laser pulse energy, 
which is necessary to reach saturation in the calculated yields. 
This is another important indication for the change in the dis-
charge characteristics to be caused by the laser photodetach-
ment of negative ions.

By analyzing the slope and the saturation energy, the dis-
tinction of the negative ion species O , O2 − −, and O3

− is pos-
sible at least regarding the calculated curves. The saturation 
trend of the experimental data is nearly enclosed by the 
photodetachment yield for O2

−. This would suggest O2
− to be 

most abundant and responsible for the laser photodetachment 
effect. However, a mixture of all the species O , O2 − −, and O3

− 
is more realistic with consideration of the forming reactions 
(10)–(12) and the accordant rates.

In order to prove the contribution of O2
−, the laser wave-

length was changed to 1064 nmlsr  λ = . This allows the photo-
detachment of O2

− only as already stated in table 1. Figure 15 
compares the laser photodetachment effect for the second har-
monic laser wavelength (top) and the fundamental wavelength 
(bottom).

The laser pulse energy E 1064 nm 110 mJlsr(   )  =  was max-
imal, resulting in a photodetachment yield that exceeds at 
least 90%. Both laser wavelengths enable the photodetach-
ment of O2

−, but a significant change in the discharge current 
is exclusively observed for 532 nmlsr  λ = . The photodetach-
ment of O2

−, only, induced no effect beyond the measuring 
resolution. The same result is obtained with a variation of 
the axial position of the laser beam, the moment of laser 
firing, and the O2 concentration up to 1 vol.%. In conclu-
sion, O2

− is of minor importance, and the laser photodetach-
ment effect at 532 nmlsr  λ =  indicates the dominance of the 
species O− and O3

−.
As visible in figure 14, the experimental data lie between 

the calculated yields for the species O− and O3
−, at least, for low 

laser pulse energies. However, the saturation energy of the laser 
photodetachment effect is higher than the saturation energy of 
the two yields. The latter were calculated based on the assump-
tion of a homogeneous photon flux across the cross-sectional 
area of the laser beam. However, the spatial distribution of the 
laser radiation intensity actually decreases toward the edges. 
This explains the flat saturation behavior of the experimental 
data since the laser photodetachment effect still increases until 
the saturation is reached at the edges too. Beyond, the slight 
divergence of the laser beam inside the discharge volume con-
tributes to the flat saturation behavior in a similar way.

5. Summary and outlook

The presented work investigates the influence of negative 
ions on the discharge development in electronegative systems 
based on a laser photodetachment experiment. A glow-like 
barrier discharge is operated in He with admixtures of O2 up 
to 1 vol.% at a gas pressure of 500 mbar. The gap voltage and 
the discharge current of the discharge being affected by laser 
photodetachment are compared with the unaffected discharge 
characteristics. The laser-affected discharge has a lower break-
down voltage that corresponds to an earlier ignition onset. 
This effect is solely induced when the laser is fired during 
the prephase. The reduced breakdown voltage indicates an 
enhanced pre-ionization initiated by the detached electrons.

The laser photodetachment effect is quantified by the time 
shift of the ignition onset to earlier times and by a corresp-
onding difference in transported charge. An increase in both 
quantities results for increasing the O2 concentration as well 
as the laser pulse energy and for laser positions near to the 
anodic dielectric where the negative ion density should be 
maximal. In particular, the laser photodetachment effect 
obeys a saturation law in response to the laser pulse energy. 
The effect is determined and limited by the photodetachment 

Figure 15. Laser photodetachment effect for the second harmonic 
laser wavelength (top) and fundamental one (bottom). Discharge 
in He with a    400 ppm O2 admixture operated with sine wave 
voltage ( ˆ  =U 0.7 kVext ). Laser: center of the discharge gap 

(   )     (   )  = =E E532 nm 70 mJ, 1064 nm 110 mJlsr lsr .
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yield, which is defined as the density ratio of detached elec-
trons per negative ion.

The yield of detached electrons is calculated for the dif-
ferent negative ion species O , O2 − −, and O3

− by solving the rate 
equations  for photodetachment and photodissociation. The 
range of the laser pulse energy that is necessary to reach satur-
ation is roughly comparable for both the laser-induced change 
in the discharge characteristics as well as the calculated yields 
for the negative ion species. The comparison between the cal-
culated curves and the experimental data suggests that O2

− ions 
may be dominant. However, the laser photodetachment of O2

− 
only does not cause any change in the discharge characteris-
tics in contrast to the photodetachment of O , O2 − − as well as 
O3
−. Thus, O2

− is of minor importance.
In order to analyze the ratio of the species O− and O3

− by 
means of the saturation method, it is necessary to perform 
further photodetachment experiments with a clearly defined 
spatial profile of homogeneous laser radiation intensity. The 
separation of O− and O3

− by varying the laser wavelength is 
planned as well. Also, the experimental conditions need to be 
changed to measure a direct current caused by the detached 
electrons, instead of correlated secondary effects on the dis-
charge only. In particular, the admixture of O2 to the buffer 
gas should significantly exceed hundreds of parts per million 
to have larger negative ion densities at otherwise stable dis-
charge conditions. Nevertheless, numerical simulations are 
necessary in order to estimate absolute number densities of 
the negative ion species and their dynamics, and to prove the 
understanding of the laser photodetachment effect as well 
as the actual influence of the spatial distribution of the laser 
radiation intensity.

Beyond, the influence of the negative ion formation on the 
microdischarge (MD) development in electronegative systems 
is of great interest as well. The breakdown duration and the 
lateral extent of a single MD channel should depend on the 
electronegativity. It is planned to measure the surface charge 
distribution as the footprint of the MD channel with and 
without laser photodetachment of negative ions.
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1. Introduction

Barrier discharges are one of the most commonly used dis-
charge types for applications at atmospheric pressure [1–3]. 
Mostly, mixtures including an inert carrier gas such as helium 
or argon and an admixture of a reactive gas, such as oxygen, 
are used. The inert gas ensures low breakdown voltages and 
power requirements, whereas oxygen provides radicals par-
ticipating in volume and surface processes. Since oxygen is 
strongly electronegative, negative ions are formed and may 
influence the discharge development. The electron attachment 
processes can reduce the effective ionization and the nega-
tive ions have a larger recombination probability than elec-
trons. In the case of helium–oxygen barrier discharges, the 
transition from the diffuse mode at low oxygen admixtures to 

the filamentary mode for larger oxygen admixtures might be 
correlated to the increase in electronegativity [4]. To analyze 
the influence of negative ions on the diffuse helium–oxygen 
barrier discharge, a laser photodetachment experiment was 
performed [5]. It turned out that the laser photodetachment of 
negative ions during the pre-phase of the discharge results in 
an earlier ignition of the discharge itself, but no influence was 
observed when the laser photodetachment took place during 
the discharge breakdown. Hence, the electronegativity in the 
pre-phase might be larger than during the breakdown because 
of the enhanced attachment at low electric fields. To survey 
this idea quantitatively, a simulation is necessary. Many simu-
lations of barrier discharges were already performed [6–16]. 
They are based on fluid model calculations because of the 
high collision rates at elevated pressures which makes the 
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local field approximation applicable. Supplementary to these 
barrier discharge simulations, simulations of atmospheric 
pressure discharges exist for pure helium [7, 17], helium with 
small impurities [7, 13, 15, 18–20], or helium–oxygen mix-
tures [21–24]. Despite these numerous simulations, a quanti-
tative comparison with the experiment presented in [5] is 
difficult because of the different discharge types or conditions. 
Furthermore, the influence of the attachment processes and 
the resulting negative ions are often not pointed out in these 
publications or a distinction between the discharge break-
down and the pre-phase is missed. Therefore, a simulation for 
helium–oxygen barrier discharges is developed which is as 
close as possible to the experimental conditions of the laser 
photodetachment experiment in [5].

The paper starts with a short description of the setup used 
for the experiment in section 2. Since the simulation was set 
up by our own, a large part of this paper is devoted to the sim-
ulation details (section 3). Section 4 is focused on the adaption 
of the simulation to the experiment. Afterwards, the discharge 
characteristics as the electron kinetics and the accumulation of 
long-living species are discussed in section 5. In the last part 
of the paper (section 6), the kinetics of negative ions and their 
influence on the simulation are analyzed.

2. Experiment

Since this contribution focuses on the simulation of the exper-
imentally investigated discharge, only a brief description of 
the experimental setup is given here. More details can be 
found in [5]. A sketch of the barrier discharge configuration is 
shown in figure 1. The discharge configuration consists of two 
plane and circular electrodes which are covered by 0.7 mm   
thick glass plates. The glass plates are separated by a 3 mm   
gap. The discharge configuration is surrounded by a stain-
less steel vacuum chamber to enable a base pressure below 
10 mbar5 −  before the experiment starts. During the discharge 
operation, helium–oxygen mixtures with a maximum oxygen 
concentration of 1 vol.%   and a pressure of 500 mbar   flow at 
300 sccm   through the discharge configuration.

For the discharge characterization, the sinusoidal applied 
voltage Uappl and the total charge Qext were measured directly 
and across an external capacitance C 3.4 nFext  =  via an oscil-
loscope (LeCroy 9304AM). The discharge current
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were calculated using the gas gap capacitance Cgap, the capac-
itance Cdiel of the dielectrics, the total capacitance Ctot of the 
discharge configuration, and a parallel capacitance Cpar con-
sidering the surroundings. Since the ratio C Cpar diel/  depends 
on the unknown diameter of the discharge, gap voltages for 
three different discharge diameters are considered when 
comparing the experiment with the simulation. Besides the 

electrical characterization, the optical emission was measured 
by a monochromator in combination with a photomultiplier 
tube. It enables to follow the spatio-temporal evolution of the 
optical emission during the discharge, and its comparison with 
the simulated excitation rates. According to the experiment, 
an admixture of 400 ppm   oxygen and a sinusoidal applied 
voltage of 700 V   in amplitude is considered for the simula-
tion. For these conditions, a stable diffuse discharge was 
present. The most important discharge parameter are summa-
rized in table 1. For significantly larger oxygen admixtures, 
the discharge became filamentary and the 1D fluid simulation 
is inappropriate.

3. Description of the simulation

3.1. Geometry and electric field

The one-dimensional geometry used for the simulation is 
sketched in figure 2. The figure shows a symmetric dielectric 
barrier discharge configuration with a gap width of g 3 mm = . 
The used dielectric barriers consist of two glass plates with 
thickness d 0.7 mm =  and relative permittivity 7.6dε = . The 
charge density distribution in the gap is z t,( )ρ  and the surface 
charge densities on the dielectrics are t1( )σ  and t2( )σ . Since the 
total charge is conserved, the sum of the charges in the gap 
and at the dielectrics is zero:

t z t z t, d 0.
g

1
0

2( ) ( ) ( )∫σ ρ σ+ + = (3)

To calculate the electric field

Figure 1. Cross section of the discharge cell configuration.

Table 1. Discharge parameter of the experimentally 
investigated discharge.

Gap width 3 mm 
Gas mixture He 400 ppm O2   +
Gas flow 300 sscm 
Pressure 500 mbar 
Wave form sine
Frequency 2 kHz 
Voltage amplitude 700 V 
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E z t
D z t

,
,

,
r 0

( ) ( )
ε ε

= (4)

Gauss’s law for the electric displacement field D(z, t)

D t t z z t t z gdiv ,1 2( ) ( ) ( ) ( ) ( ) ( )σ δ ρ σ δ= + + − (5)

is integrated stepwise for the gap and the dielectrics, as done 
in [6]. Since the spatial integration of the electric field must 
equal the applied voltage Uappl,

U t E z t z, d ,
d

g d

appl( ) ( )∫= −
−

+
 (6)

the electric field in the gap (0  <  z  <  g) is

E z t
U t U t

d g

t d

d g
E z t,

2

2

2
,

g
g

d appl

d

1

0 d
( )

( ( ) ( )) ( ) ( )
ε

ε
σ
ε ε

= −
+

+
+

+
+

 (7)

with

E z t t U t E z t z,
1

, d and , d .g

z

g
z

g

g
0 0 0

( ) ( ) ( ) ( )∫ ∫ε
ρ ξ ξ= =

ξ= =
 (8)

This analytic formulas enable a fast determination of the elec-
tric field by avoiding the numerical solution of the Poisson 
equation  for the electrical potential. Note that the surface 
charge density 2σ  is no longer present in the final equa-
tion because of the total charge conservation (3).

3.2. Particle classes and transport processes

The simulation includes the helium atom and the oxygen mol-
ecule in their ground states serving as the background gas. 
Their densities

n
p

k T
n nand 400 10He

B gas
O

6
He2= = × −

 (9)

are calculated from the pressure p 500 mbar =  and the 
assumed gas temperature Tgas. These background gas densi-
ties are kept constant during one simulation run. To investi-
gate the influence of the gas temperature on the simulation, 
the simulation is performed for different gas temperatures 
from 300 to 350 K  .

The other particles, such as electrons, ions, and neu-
trals, are described spatially and time-dependent by balance 
equations,

n

t z
S ,k k

k
∂
∂

+
∂Γ
∂

= (10)

including the respective particle density nk, the flux kΓ , and the 
total rate Sk of production and loss by collisions. For charged 
particles, the flux is the sum of the drift flux

n E,k k k,drift µΓ = ± (11)

(+for positive charges, −  for negative charges) depending on 
the particle density nk, the mobility kµ , and the electric field E, 
and the diffusion flux

D
n

z
,k k

k
,diffΓ = −

∂
∂

 (12)

including the diffusion coefficient Dk. For neutral particles, 
the total flux equals the diffusion flux.

For the gas pressure of 500 mbar  , the local field approx-
imation is valid, which means that the electron energy dis-
tribution is given by the reduced electric field strength at a 
certain position. This allows the calculation of the electron 
transport parameter as the mobility eµ , the mean thermal 
energy k TB e, the diffusion coefficient De, and the thermal 
velocity vth,e for a given reduced electric field strength E/n by 
using the electron Boltzmann equation solver BOLSIG+  [25, 
26]. The included collisions are elastic and inelastic collisions 
with helium atoms (see table A2) with cross sections from the 
databases at lxcat.net. Collisions with oxygen molecules are 
not considered since they have no remarkable influence on the 
electron kinetics for the low oxygen admixture of 400 ppm  .

To speed up the numeric calculation, the electron transport 
parameter are approximated by a polynomial function or a 
combination of two polynomial functions p1 and p2 with an 
exponential function:

f E n p E n p E nexp .1 2( / ) ( / ) ( ( / ))= ± (13)

The actual agreement of these approximations with the values 
obtained from BOLSIG+  is visible in figure 3.

For the ions, the mean energies

k T k T
m m

m m
m E

5 3
B i B gas

i He

i He
He i

2( )µ= +
+
+ (14)

and diffusion coefficients

D
k T

e
i

B i i

0

µ
= (15)

are calculated from their mobilities and the electric field [27]. 
The mobilities for the ions in helium are taken from lxcat.net 
and the respective databases [28–33]. Since the mobility of O4

+ 
ions in helium is not listed at lxcat.net, it is set to the mobility 
of O2

+ ions. The influence of the low oxygen admixture on 
the mobility is neglected. Again, the data points are fitted by 
polynomial functions to enhance the calculation speed. A 
comparison of the obtained data and the polynomial functions 
is given in figure 4. For +He , an analytical function is already 
given by [28, 29].

In table 2, the diffusion coefficients for the neutral species 
are listed for standard conditions (10 Pa5  , 290 K  ), scaled with 
pressure p and gas temperature Tgas.

Figure 2. Sketch of the barrier discharge along the symmetry axis.
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3.3. Considered species and elementary collision processes

The considered helium species in the simulation are the ground 
state helium atom He, its metastable Hem state, and the helium 
dimer He2. The regarded oxygen species are the ground state 
of the oxygen molecule O2, the aO2

1
g( )∆  and bO2

1
g( )Σ+  meta-

stable states, the oxygen atom O, its excited states O D1( ) and 
O S1( ), as well as ozone O3. Vibrationally excited oxygen 

molecules are not considered because of their unimportance 
in the global model in [21]. The corresponding ions are the 
positive ions +He , He2

+, O+, O2
+, and O4

+ as well as the negative 
ions O−, O2

−, and O3
−. Besides these particles, photons are con-

sidered regarding their contribution to the secondary electron 
emission, but not in any volume reactions.

The implemented elementary collision processes are listed 
in the appendix. Most rate coefficients are initially taken from 
[21]. They are given depending on the mean electron energy 
Te, gas temperature Tgas, or reduced electric field strength E/n. 
Whenever the simulation points out a process to be impor-
tant for the total ionization or the attachment, the rate is recal-
culated by BOLSIG+  [26] using cross sections  taken from  
lxcat.net, if present.

Most important for the simulation is the excitation of 
helium metastables (e01), which is considered here as the 
sum of the excitation rates of the He 2 S3( ), the He 2 S1( ), and 
the He 2 P3( ) states. The excitation of the He 2 P3( ) state is added 
because of the optical transition to the He 2 S3( ) metastable 
state (∼10 s7 1  − ) [37], which is faster than the typical dis-
charge time scale of the order of microseconds. The excita-
tion of the He 2 P1( ) state (e02) is included as an immediate 
source of UV photons, because there is a very fast transition 
from the He 2 P1( ) state to the helium ground state (∼10 s9 1  − ) 
[37]. Its transition to the He 2 S1( ) metastable state is negligible 
because of the much lower transition probability (∼10 s6 1  − ). 
Furthermore, it was assumed that the UV photons reach imme-
diately the dielectric surfaces or get lost in radial direction 
outside the discharge volume. The interaction with oxygen is 
neglected because of the low oxygen concentration. The flux 
of UV photons to one dielectric

J t
A

A A
R t z z R t z z

2
, d

1

4
, d

g g

UV
dis

dis cyl 0
e02

0
e02( ) ( ) ( )∫ ∫=

+
≈

 (16)

is estimated using the ratio of the cross section  area of the 
discharge A 4 12 mm 1.13 cmdis

2 2/ (   )  π= × =  and the area 
A 2 12 mm 3 mm 2.26 cmcyl

2     π= × × =  of an g 3 mm =  
high open cylinder. Since A A2cyl dis≈ , the flux of UV photons 
to one dielectric is about one fourth of the spatially integrated 
excitation rate (e02). Similar to the UV photons, the rate of 
photons at a wavelength of 706 nm   is calculated from the exci-
tation rate of the He 3 S3( ) state. This rate is used for the com-
parison with the measured optical emission, only.

Figure 3. Electron transport parameter depending on the 
reduced electric field strength: (a) mean thermal energy, (b) 
diffusion coefficient, (c) mobility, and (d) mean thermal velocity 
(p 500 mbar = , T 300 Kgas  = ).

Figure 4. Mobilities of the ions in helium depending on the 
reduced electric field strength (p 500 mbar = , T 300 Kgas  = ). Data 
from lxcat.net: +He : [28, 29], He2

+: [30, 31], O+: [30, 32], O2
+, O−, 

O2
−, O3

−: [30, 33], O4
+: see text.

Table 2. Diffusion coefficients of neutral species in helium.

D cm s2 1/(   )− References

Hem

p

T420

Torr

K

290

1.5
gas( )/

/ [17]

He2

p

T305

Torr

K

290

1.5
gas( )/

/ [17]

O, O S1( ), O d1( )
p

T700

Torr

K

280

1.5
gas( )/

/ [34]

aO2
1

g( )∆ , bO2
1

g( )Σ+

p

T0.697

bar

K

293.15

1.5
gas( )/

/ [35]

O3
p

T410

Torr

K

296

1.5
gas( )/

/ [36]
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Almost all other collision rates are calculated straightfor-
ward. Some three particle collisions are marked in table A2. 
Their rate coefficients are usually given for three particle col-
lisions with oxygen as background gas, but helium should also 
serve as a good third collision partner because of its small 
mass. These unknown rates are set to the same value as the 
known rates for the collisions with oxygen.

3.4. Boundary conditions for particles at the dielectrics

The boundary conditions for particles reaching the dielectrics 
are taken from [27], but without the distinction between sec-
ondary electrons and electrons from the volume. The electrons 
are fully adsorbed at the boundaries, the ions become neutral-
ized, the helium metastables become de-excited, and the helium 
dimers are dissociated. Only for the long-living species O, 

aO2
1

g( )∆ , bO2
1

g( )Σ+  and O3, a particle reflexion is considered. 
Although different coefficients are given for different species in 
[20, 22], only one unique reflexion coefficient r is taken for the 
listed species (compare table A1). The reason is the unknown 
validity of the given coefficients for a glass surface. Even if 
coefficients for glass would be given, the coefficients might 
actually differ because of the surface modifications by the dis-
charge or because of the surface charges on the dielectric. The 
unified reflexion coefficient r was varied between 0.9 and 1 to 
see its influence on the simulation results (see section 5.2).

For the secondary electron emission several processes are 
regarded. The secondary electron emission by positive ions, 
UV photons, and metastables are given by the secondary 
electron emission coefficients γ+, phγ , and mγ , respectively. It 
is partially considered that these coefficients depend on the 
surface charge density on the dielectric. Besides, the electron 
desorption flux Jdes regards thermally desorpted electrons 
from the surface. Since the secondary electron emission coef-
ficients are widely unknown, their influence on the simulated 
discharge is analyzed in section 4.

3.5. Starting conditions and steady state

The start of the simulation is set to the time where the gap 
voltage is zero. This point in time depends on the surface 
charge, which is taken as an initial value from the experiment. 
The initial densities of charged particles are set to a constant 
value of 10 cm3 3  −  across the gap, for helium metastables and 
dimers to 10 cm2 3  − . Actually, the simulation turns out that 
these values are unimportant when starting at U 0gap = , even for 
the first breakdown, because the charged particles get already 
lost after a few microseconds at the dielectrics. Furthermore, 
because of the comparably large oxygen concentration, the 
helium metastables and dimers disappear until the discharge 
pre-phase starts. Hence, the only important starting condition 
is the surface charge density determining the gap voltage and 
the onset of the breakdown. Besides, the long-living oxygen 
species O, aO2

1
g( )∆ , bO2

1
g( )Σ+  and O3 need a starting value. 

Their density profiles are estimated by long-time simulations 
over 20 discharge periods. After these 20 discharge periods, 
their density profiles remain nearly unchanged.

Taking the discussed starting conditions, the simulation 
takes about two or three discharge periods to reach a steady 
state, hence, there is no difference between the third and 
fourth discharge period. Thus, for the characterization of the 
discharge, four discharge periods were simulated and the last 
one is discussed. For the adaption of the simulation to the 
experiment in section 4, it is appropriate to calculate only one 
discharge breakdown for one parameter set.

3.6. Numerics

The chosen numerical procedure to solve the differential 
equations is the explicit Euler method. Time steps t tj j1 −+  are 
given and the particle density at tj+1 is calculated from the 
density at tj and the rates given by the currents and particle 
collisions at tj:

n z t n z t
z

z t S z t t t, ,
d

d
, ,k i j k i j

k
i j k i j j j1 1[ ] [ ] [ ] [ ] ( )

⎛
⎝
⎜

⎞
⎠
⎟= + −

Γ
+ −+ +

 (17)

For the discretization of the drift flux an upwind scheme is 
used, which gives

µΓ = ± ±+z t n E z t E, , for 0k i j k k i j,drift 1 2[ ] ( )[ ] ⩾/ (18)

and

z t n E z t E, , for 0k i j k k i j,drift 1 2 1[ ] ( )[ ]/ µΓ = ± ± <+ + (19)

(+for negative charges, −  for positive charges). The diffusion 
flux is calculated by

z t D z t
n z t n z t

z z
, ,

, ,
.k i j k i j

k i j k i j

i i
,diff 1 2 1 2

1

1
[ ] [ ]

[ ] [ ]
/ /Γ = −

−

−
+ +

+

+
 (20)

The overall flux gradient is discretized by

z
z t

z t z t

z z

d

d
,

, ,
.k

i j
k i j k i j

i i

1 2 1 2

1 2 1 2
[ ]

[ ] [ ]/ /

/ /

Γ
=

Γ − Γ

−
+ −

+ −
 (21)

At the beginning of each loop, the electric field is calculated 
from the particle densities using equation (7). From this elec-
tric field, the fluxes kΓ  and the collision rates Sk are calculated. 
To accelerate the simulation, the processes are categorized in 
slow, intermediate, and fast processes. Variable time steps are 
used for each category, depending on the necessary temporal 
resolution. The sizes of these time steps are calculated with 
the restriction that the respective densities change at most by 
5%. As fast processes, only the electron transport is consid-
ered and the time steps are in the range from 10−11 to 10−10 s. 
For the intermediate time scale, fast collision processes, e.g. 
electron impact excitation, are taken into account. These time 
steps are usually between 10−10 and 10−9 s. Slower processes 
are calculated with time steps of 10−8 to 10−7 s.

The spatial grid consists of 60 cells with a respective 
size of z 0.05 mm ∆ = . Using this grid size, the electron 
drift velocity vd,e, and the time steps for electron transport 

tfast∆ , the ratio v t zd,e fast /∆ ∆  is 0.04 in maximum. Hence, the 
Courant–Friedrichs–Lewy condition is fulfilled. Nonetheless, 
simulations with finer grids were performed for comparison, 
and they reveal the same discharge behavior.
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4. Adapting the simulation to the experiment

Despite the rates for most elementary collision processes 
involving helium and oxygen are well known, some impor-
tant simulation parameter are widely uncertain and must be 
 figured out by adapting the simulation to the experiment. 
These remaining free parameters are the secondary electron 
emission (SEE) coefficients and the gas temperature. In par-
ticular, the dielectric surface is charged which means the SEE 
coefficients probably depend on the deposited surface charge. 
First of all the dependency of the simulation on the SEE coef-
ficients and gas temperature is investigated and afterwards the 
best values are chosen for an adapted simulation.

4.1. Overview of SEE processes

A simulation with typical values for the SEE coefficients is 
shown in figure 5. In that first approach, the SEE coefficients 
for ions, metastables, and UV photons are set to 0.01γ =+ , 

0.1mγ = , and 0.05phγ = . In figure 5(a), the characteristic elec-
trical quantities as the applied voltage Uappl, the gap voltage 
Ugap and the discharge current density jdis are plotted together 
with the respective measured quantities. Since the actual cross 
section area of the discharge is uncertain, the gap voltage calcu-
lated from the measurement is shown for discharge diameters 
of 12 1 mm ± . Comparing the simulated with the measured 
electrical quantities, the breakdown voltage and the discharge 
current are too large in this simulation, causing also a too large 
voltage drop during the discharge breakdown. In figure 5(b), the 
SEE fluxes resulting from different SEE processes are shown. 
The dominating processes during the breakdown are the SEE 
by O2

+ ions and the SEE by UV photons. In contrast to these 
two SEE processes, the SEE by metastables and helium dimers 
is unimportant because of the short lifetime of helium metasta-
bles and dimers in a gas mixture with 400 ppm   oxygen. Most 
of them get lost by Penning-ionization processes before they 
reach the dielectrics. During the pre-phase of the discharge, the 
only relevant emission process of electrons from the surface is 
the thermal desorption, which is set to J 10 cm sdes

10 2 1   = − −  for 
this example. This value corresponds to a desorption frequency 
of about 1.8 Hz  . The actual desorption frequency is even more 
unknown than the SEE coefficient, because it depends strongly 
on the temperature of the dielectric surface and the binding 
energy of electrons adsorbed to the surface [6].

4.2. Variation of SEE, thermal desorption and gas temperature

Since the SEEs by O2
+ and by UV photons are dominant 

during the breakdown, the variation of γ+ and phγ  is shown 
at first in figure 6. Because of their similar time dependence, 
both values are set equal and are varied simultaneously. The 
figure  shows a slight decrease in breakdown voltage with 
increasing phγ γ=+ , but the breakdown voltage in the experi-
ment is still lower. The increase of phγ γ=+  causes also a large 
increase in discharge current and voltage drop during the dis-
charge current pulse. Thus, the discrepancy between simula-
tion and measurement enhances. Hence, another parameter 
variation must explain the lower breakdown voltage, e.g. a 

larger thermal desorption of electrons during the pre-phase of 
the discharge. Its influence is shown in figure 7. The break-
down voltage decreases with increasing flux Jdes of thermally 
desorpted electrons, and this is also correlated to a lower dis-
charge current and lower voltage drop during the discharge 
current pulse. For thermal desorption fluxes of 10 cm s11 2 1   − −  
and 10 cm s12 2 1   − −  in (b) and (c), the gap voltage after the 
discharge current pulse remains even large enough to allow 
a second breakdown as it is observed in the experiment. 
Furthermore, the agreement of the discharge current pulse and 

Figure 5. Overview of SEE processes: (a) applied voltage, 
gap voltage, and discharge current density from the simulation 
(colored lines) in comparison with the measured quantities (gray 
lines). (b) Flux of secondary electrons released at the cathodic 
dielectric by different processes ( 0.01γ =+ , 0.1mγ = , 0.05phγ = , 
J 10 cm sdes

10 2 1   = − − ).

Figure 6. Influence of the SEE coefficients phγ γ=+  on 
the simulation: applied voltage, gap voltage, and discharge 
current density from the simulation (colored) in comparison 
with the measured quantities (gray): (a) γ+  =  γph  =  0.01, 
(b) γ+  =  γph  =  0.02, (c) γ+  =  γph  =  0.05 (T 300 Kgas  = , 
J 10 cm sdes

10 2 1   = − − ).

Plasma Sources Sci. Technol. 25 (2016) 055024

7 Thesis Articles

144



S Nemschokmichal et al

7

gap voltage from the simulation with the experiment is very 
good for the first discharge pulse, whereas the discharge cur-
rent of the second breakdown is too large in the simulation. 
The thermal desorption flux of 10 cm s12 2 1   − −  corresponds to 
a desorption frequency of about 180 Hz  . This value is large 
in comparison to previous simulations [7], but because of its 
strong dependence on the surface temperature and electron 
binding energy [6] it is still appropriate. Actually, the simula-
tion states only a constant flux of electrons from the surface 
during the discharge-off phase. This flux might be also caused 
by reactions of long-living radicals as O and O3 with the sur-
face. An estimation of the reaction probability for such a pro-
cess will be made in section 5.3.

Besides the SEE coefficients, the gas temperature is 
unknown. Its influence on the simulation is shown in figure 8. 
With increasing gas temperature, the breakdown voltage 
decreases because of the larger reduced electric field strength 
E n E p k TB gas/ /= ⋅ . The discharge current and the gap voltage 
drop change little with gas temperature, but a clear trend is 
not visible.

Since the variation of Tgas, Jdes and γ+ is partially diametrical, 
it is possible to find an appropriate set of Jdes and γ+ for each gas 
temperature. This is presented in figure 9 for gas temperatures 
between room temperature and 350 K  . For all parameter sets, 
the agreement of the simulated discharge current pulse and gap 
voltage drop with the experimental curves is quite good for the 
first discharge breakdown. Generally, the larger the gas temper-
ature, the lower the secondary electron emission coefficient 
necessary to adapt the simulation to the experiment.

4.3. Adapted discharge

Despite the good agreement of the first simulated discharge 
pulse with the experiment, there is still a large discrepancy 

concerning the second breakdown. Its discharge current is 
always overestimated by the simulation, no matter which 
parameter set is used. To solve this discrepancy, a lower flux 
of electrons from the cathode is stated after the first discharge 
breakdown. This is realized by a thermal desorption flux and 
SEE coefficients depending on the surface charge. It is rea-
sonable that both are much larger for a negatively charged 
di electric where additional electrons with low binding energy 
are present. Despite the second breakdown becomes actually 
suppressed by the lower flux of electrons from the cathode 
after the first breakdown, a discrepancy between the simulation 

Figure 7. Influence of the thermal desorption flux Jdes on the 
simulation: applied voltage, gap voltage, and discharge current density 
from the simulation (colored) in comparison with the measured 
quantities (gray): (a) J 10 cm sdes

10 2 1   = − − , (b)     = − −J 10 cm sdes
11 2 1, 

(c)  = − −J 10 cm sdes
12 2 1     (T 300 Kgas  = , 0.02phγ γ= =+ ).

Figure 8. Influence of the gas temperature Tgas on the simulation: 
applied voltage, gap voltage, and discharge current density 
from the simulation (colored) in comparison with the measured 
quantities (gray): (a) Tgas  =  300K, (b) Tgas  =  320K, (c) Tgas  =  350K 
( 0.02phγ γ= =+ , J 10 cm sdes

11 2 1   = − − ).

Figure 9. Comparison of three parameter sets: applied voltage, 
gap voltage, and discharge current density from the simulation 
(colored) in comparison with the measured quantities (gray) : 
(a) Tgas  =  300K, Jdes  =  1012 cm–2 s–1, γ+  =  0.02, (b) Tgas  =  320K, 
Jdes  =  5 × 1011 cm–2 s–1, γ+  =  0.02, (c) Tgas  =  350K, Jdes  =  2 × 1011 
cm–2 s–1, γ+  =  0.01.
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and the measurement remains. The reason might be that the 
second measured discharge ignites at another lateral position 
than the first one [38], which cannot be modeled by the 1D 
simulation. Therefore, the following discussions focus on the 
first discharge breakdown, as it is done in the experiment [5].

In figure 10, the finally adapted simulation for a gas temper-
ature of 300 K   is presented. The agreement of the electrical 
quantities of the simulation with the measurement, as shown 
in (a) and (b), is very good for the first discharge pulse. For the 
second discharge pulse, the breakdown voltage is too large in 
the simulation. In figure 10(c), the finally used coefficients γ+ 
for SEE from positive ions are shown in comparison with the 
SEE fluxes and the flux of thermally desorpted electrons from the 
surface in (d). During the first breakdown, Jdes is reduced from 
10 cm s12 2 1   − −  to 10 cm s8 2 1   − −  and γ+ from 0.02 to zero. For the 
negative half period, the chosen values are smaller to reproduce 
the larger breakdown voltage and voltage drop during the dis-
charge breakdown. The figure shows how different the flux of 
thermally desorpted electrons and the SEE coefficients of the two 
surfaces might be, despite the use of the nominally same mat-
erial. The reason might be different surface temperatures caused 
by different effective gas flow rates in front of both dielectrics.

Finally, the calculated excitation rate of the He 3 S3( ) state 
in figure 11(b) is compared with the measured spatio-tempo-
rally resolved emission intensity at 706 nm   in (c). The typical 
spatio-temporal behavior of the measured emission intensity 
is well reproduced by the simulation. For the first discharge 

pulse, the cathode-directed excitation front of the glow-like 
discharge is well visible, in particular its maximum in front 
of the cathode. Likewise for the second discharge pulse, the 
He 3 S3( ) excitation rate has its maximum in front of the anode, 
indicating a Townsend-like discharge. Nonetheless, some dis-
crepancies remain, e.g. the velocity of the cathode directed 
excitation front is larger in the experiment.

5. Discharge characterization

5.1. Discharge dynamics and electron balance

The reduced electric field strength and the total ionization rate are 
plotted in figure 12 in comparison with the applied voltage, gap 
voltage, and discharge current density. The electric field increases 
uniformly during the pre-phase of the discharge. During the first 
discharge breakdown, the electric field is deformed strongly by 
space charges. Its maximum appears in front of the cathode, 
whereas it weakens towards the anode. No positive column is 
formed in contrast to previous simulations of barrier discharges 
[7, 11], which emphasizes the importance of the adaption to the 
experiment. The second breakdown with its weaker discharge 
current shows only a small increase of the electric field towards 
the cathode in comparison to the first breakdown.

Simultaneously with the electric field, the total ionization 
rate in figure 12(c) increases in the pre-phase. Before the break-
down, the total ionization increases exponentially towards the 
anode because of the exponentially increasing electron density 
and the uniform electric field. During the breakdown, the max-
imum of the total ionization moves towards the cathode, which is 
the typical cathode-directed ionizing front of atmospheric pres-
sure glow-like discharges [39]. After the breakdown, an anode 

Figure 11. Comparison of simulated excitation rate with optical 
emission: (a) applied voltage, gap voltage, and discharge current 
density of the adapted simulation (colored) in comparison with 
the measured quantities (gray). (b) Excitation rate of He 3 S3( ) by 
electron impact and (c) measured optical emission from the helium 
atom at 706 nm  .Figure 10. Most important SEE processes of the adapted 

simulation: (a) applied voltage, gap voltage, and discharge current 
density from the adapted simulation (colored, solid) in comparison 
with the measured quantities (gray, dashed). (b) Simulated surface 
charge (colored) in comparison with the measured surface charge 
(gray). (c) Time-dependent γ+ coefficient used for the adapted 
simulation and (d) flux of secondary electrons from the cathode.

Plasma Sources Sci. Technol. 25 (2016) 055024

7 Thesis Articles

146



S Nemschokmichal et al

9

glow is hard to see because of the low drop in gap voltage. The 
second breakdown misses even the cathode directed ionizing 
front and shows only a nearly exponential increase of the total 
ionization rate towards the anode due to the weakly disturbed 
electric field by space charges. Hence, the second breakdown is 
an atmospheric pressure Townsend-like discharge [39].

To figure  out the electron kinetics, the spatially averaged 
production and loss processes of electrons with the largest rates 
are presented in figures 13(b) and (c). Within the first micro-
seconds after the change in gap voltage polarity, the thermal des-
orption at the cathodic dielectric is the only production process 
for electrons. During the later part of the discharge pre-phase, 
the breakdown, and afterglow, the dominating electron source 
is the Penning-ionization (p10) of oxygen molecules by helium 
metastables. All other ionization processes are one order of mag-
nitude lower. Nevertheless, there are three processes with similar 
ionization rates which cannot be neglected. These processes are 
the electron impact ioniz ation (i01–02) with the background 
gases and the Penning ionization of oxygen with helium dimers 
(p17). As visible in figure 13(c), the most important loss process 
for electrons is the drift to the anode. The attachment processes 
are at least one order of magnitude lower. As well, recombina-
tion is improbable because of the finite electric field after the 
breakdown, which keeps the mean electron energy high. Despite 
different elementary processes are responsible for each ion spe-
cies production, their loss processes are also dominated by the 
drift to the dielectrics. The recombination between negative and 
positive ions is unimportant for the investigated discharge.

5.2. Evolution of charged and neutral species

In figure 14, the spatially averaged densities of the charged and 
neutral species are plotted depending on time. The dominating 

charged species during the discharge is the O2
+ ion, because 

it is mainly produced by the predominant Penning-ionization 
(p10) of oxygen molecules by helium metastables. The second 
prevalent positive ion species is O4

+, created by the association 
of O2

+ ions to oxygen molecules (cc23) in a three-particle col-
lision with the background gas. In third place follows the O+ 
ion, which is mainly formed by dissociative charge exchange 
with helium ions (cc05). This is also the reason for the low 
concentration of helium and helium dimer ions, which are 
quickly converted to oxygen ions. In total, the qualitative dis-
tribution of positive ions is in good agreement with the global 
model in [21].

As it is shown in figure 14(c), the most often negatively 
charged species is the electron, having a density one order of 
magnitude lower than the O2

+ ions in the first glow-like dis-
charge, and a density two orders of magnitude lower in the 
second Townsend-like discharge. The density of negative ions 
is mostly lower than the density of electrons, which is in agree-
ment with the global model in [21] as well. Only just after the 
change in gap voltage polarity and in the afterglow of the first 
discharge pulse, the negative ion density exceeds and equals 
the electron density, respectively. At these times, the lowest 
electric field is observed, resulting in a larger attachment rate 
and slower electron drift to the anode. The larger negative ion 
density in the pre-phase might explain why the laser photode-
tachment effect in the experiment was only observed during 
the pre-phase of the discharge [5], but the maximum of the 
laser photodetachment effect was measured at later times. A 
more detailed discussion about the negative ion kinetics and 
their influence on the discharge will be given in section 6.

The spatially averaged densities of the neutral species are 
presented in figure 14(d). The helium metastables and dimers 

Figure 13. Electron kinetics of the adapted simulation: (a) applied 
voltage, gap voltage, and discharge current density. Spatially 
averaged rates for (b) the production (maximum 10 cm13 3 > − ) and 
(c) loss processes of electrons (maximum 10 cm10 3 > − ).

Figure 12. Discharge dynamics of the adapted simulation: (a) 
applied voltage, gap voltage, and discharge current density. (b) 
Reduced electric field strength and (c) total ionization rate.
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are only present during the discharge since they become rap-
idly de-excited by Penning-ionization processes with oxygen 
molecules (p10) and (p17). Despite the very fast conversion 
of helium metastables to helium dimers (nc01), the density of 
helium metastables still exceeds the density of helium dimers 
because the loss of helium metastables by Penning-ionization 
(p10) is even faster at an admixture of 400 ppm   oxygen. In 
contrast to the helium species, the oxygen radicals O and O3 
as well as the molecular oxygen metastables aO2( ) and bO2( ) 
survive the discharge. They are produced in the discharge 
volume and recombine at the dielectric surfaces. Therefore, 
their density depends strongly on the used reflexion coeffi-
cients, which is discussed in the next section.

5.3. Variation of reflexion coefficients

A detailed analysis of the kinetics of the long-living species 
O, aO2( ), bO2( ), and O3 points out that their long lifetime is 
the result of their slow diffusion to the dielectrics and the de-
excitation there. As known, modeling of surface processes 

is very complicated and requires a detailed characterization 
of the surface. Since such a modeling is beyond the scope 
of this work, only a variation of wall reflexion coefficients 
in long-time simulations is done to estimate the density of 
these long-living states in a continuous discharge operation. 
The resulting axial density profiles of O, aO2( ), bO2( ), and O3 
after 20 discharge cycles (corresponding to 10 ms   simulation 
time) for a reflexion coefficient of r  =  0.99 are presented in 
figure 15. Because all these states are produced in the volume 
and mainly destroyed at the dielectric surfaces, their profiles 
have their maximum in the center and their minima in front 
of the dielectrics. For a reflexion coefficient of r  =  0.99, the 
maximum in the center is about one order of magnitude larger 
than the minimum in front of the dielectrics.

To take a closer look on the dependence on the reflexion 
coefficient, the axial profiles for oxygen atoms are shown for 
different wall reflexion coefficients in figure 16. As expected, 
the oxygen atom density decreases with decreasing wall 
reflexion coefficient. The maximal oxygen atom density is 
8 10 cm12 3 × − , corresponding to a dissociation degree of about 
1.6 10 3× − . Since the density of aO2( ) metastables in figure 15 
is about one third of the density of oxygen atoms, only 0.05% 
of the oxygen molecules are in the metastables state. This low 
value is the reason why the electron impact ionization with 
oxygen metastables is not important for the total ionization 
rate discussed in section 5.1. In comparison with the global 
model in [21], the densities of oxygen radicals are little lower 
in our simulation, even for r  =  1. This difference is probably 
caused by the approximately four times larger input power in 
the global model.

For a reflexion coefficient of r  =  0.99, the oxygen atom 
density in front of the dielectrics is about 6 10 cm11 3 × − . The 
resulting thermal current to the dielectric is

J v n
1

4
10 cm s .th,O th,O O

16 2 1   = ≈ − − (22)

To relate the large electron desorption flux of Jdes  =  1012 
 − −cm s2 1 (compare section  4) to the secondary electron 

emission (SEE) caused by recombining oxygen atoms at 
the surface, the respective SEE coefficient must be about 
10−4. Relating this with the assumed reflexion coefficient of 
r  =  0.99, about every hundredth oxygen atom recombination 
process must release an electron from the negatively charged 
surface. This might explain the large flux of electrons from the 
negatively charged dielectric during the discharge-off time.

However, the simulation of 20 discharge cycles gives only 
an upper limit for the density of long-living species, because 
for such long times the diffusion in the radial direction 

Figure 15. Axial density profiles of long-living oxygen species after 
20 discharge cycles and a wall reflexion coefficient of r  =  0.99.

Figure 14. Species evolution of the adapted simulation: (a) applied 
voltage, gap voltage, and discharge current density. (b) Spatially 
averaged density of electrons and positive ions and (c) of electrons 
and negative ions and (d) of neutral species.

Plasma Sources Sci. Technol. 25 (2016) 055024

7 Thesis Articles

148



S Nemschokmichal et al

11

contributes to the total particle balance, wherefore a two 
dimensional simulation would be necessary. Furthermore, the 
large amount of reactions for neutrals conversion disallows 
more reliable statements about the density of these long-living 
species. Most rates for these conversions are taken from one 
source [21] and are not cross-checked in the primal publica-
tions. As well, the assumption of one unitary reflexion coef-
ficient for all long-living species is a strong simplification. 
Nonetheless, the most important result from this discussion 
remains valid: the density of long-living species is too low 
to have significant influence on the discharge dynamics, no 
matter whether the reflexion coefficient is 0.9 or 0.999.

6. Kinetics and influence of negative ions

6.1. Kinetics of negative ions

The spatio-temporally resolved densities of electrons, O2
+ 

ions, and of the negative ions O−, O2
−, and O3

− as well as their 
spatially averaged production rates are shown in figure  17. 
The electron density in figure 17(b) increases exponentially 
towards the anode during the Townsend pre-phase of the first 
glow-like discharge as well as during the second Townsend-
like discharge. During the first discharge breakdown, the 
spatial distribution deviates from the exponential increase of 
the pre-phase. In contrast to the electron density, the O2

+ den-
sity in figure 17(c) has its maximum in front of the cathode 
and shows only a weak spatial dependence. This is reason-
able because the O2

+ ions are mainly produced near the anode 
where the electron density is largest, but they drift afterwards 
to the cathode.

The O− density in figure  17(d) reflects in principle the 
electron density because O− ions are mainly produced by dis-
sociative electron attachment (att04) and (att05) as it can be 
seen in (e). Although the attachment (att08) and (att09) of 
electrons to the metastables aO2( ) and bO2( ) is more effec-
tive than the attachment to O2 (compare figure A1), the low 

aO2( ) and bO2( ) concentrations inhibit a stronger contribution 
of these processes. To have an effect on the O− density, the 

aO2( ) concentration would have to be at least two orders of 
magnitude larger. The contributions of the dissociative attach-
ment with ozone (att11) as well as the charge transfer from 
O2

− to O (cc37) are in the same range as the attachment to 
the molecular oxygen metastables. Other processes, e.g. the 
attachment of electrons to oxygen atoms by three particle col-
lisions with the background gas (att03), are negligible because 
of too low oxygen atom and metastables densities.

The O2
− density shows a difference in comparison to the O− 

density. During the discharge pulses both look quite similar, 
but just after the change in gap voltage polarity the O2

− density 
is obviously larger. The reason is the energy dependence of 

Figure 17. Kinetics of negative ions for the adapted simulation: 
(a) applied voltage, gap voltage, and discharge current density, 
(b) electron density, (c) O2

+ density, (d) O− density, (e) spatially 
averaged O− production rates, (f) O2

− density, (g) spatially averaged 
O2

− production rates, (h) O3
− density, and (f) spatially averaged O3

− 
production rates. Only processes with rates 10 cm s8 3 1   > − −  are 
shown.

Figure 16. Axial density profiles of atomic oxygen after 20 
discharge cycles for different wall reflexion coefficients.
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the rate coefficient for the three particle collision attachment 
(att07) having its maximum at low electric field strengths (see 
figure A1). This dependence even results in a clearly larger 
O2

− density in comparison to the electron density, hence, the 
laser photodetachment of these electrons might influence the 
discharge. However, no effect was measured when firing the 
laser in the early pre-phase [5]. The electric field is prob-
ably to low at these times to have an effect on the discharge. 
Although the attachment in a three particle collision (att07) 
becomes weaker for larger electric fields, this attachment pro-
cess remains the main channel for the O2

− formation during 
the discharge pulse since the involved oxygen molecule is the 
most prevalent oxygen species. Other processes are of minor 
importance because of the quite lower densities of the long-
living species as O, aO2( ) and O3.

The O3
− density in figure 17(h) is quite similar to the O− 

density, but about one order of magnitude lower. It is mainly 
produced by the association (cc33) of O− with O2 in a three 
particle collision with the background gas. The charge transfer 
processes (cc36) and (cc39) from the other negative ions are 
of minor importance because of the low O3 density. Likewise 
to the O2

− formation, an attachment of electrons to ozone 
(att13) in a three particle collision with the background gas is 
considered in the modeling, but as for O−, the density of O3 is 
too low in comparison to O2.

The most important loss process for negative ions is the 
drift to the anode and their destruction at the dielectrics. For 
the O2

− and the O3
− ions, detachment and charge transfer pro-

cesses are about three orders of magnitude lower. Only for the 
O− ion, the association (cc33) of O− with O2 to O3

− in a three 
particle collision plays a role, while it is the main production 
process of O3

− (compare figure 17(i)).
Up to now, no statement concerning the relative ratio of the 

negative ion species to each other is given. This is quite dif-
ficult, because the main production process for O2

− is a three 
particle collision with the background gas helium, whose rate 
coefficient is calculated from cross sections given for such a 
collision with oxygen as background gas. Hence, the O2

− den-
sity might be one order of magnitude larger or lower. Both 
rates given in [22] and [21] are lower, so the O2

− density would 
fall below the O3

− density as in the global model in [21] and 
O− would be prevalent. This is supported by the experiment in 
[5], where it was pointed out that O2

− cannot be the dominant 
negative ion species.

6.2. Influence of negative ions

To point out the actual influence of negative ions on the 
simulated discharge, the discharge current and gap voltage 
of the adapted simulation are compared with a simulation 
without negative ions, and a simulation without attachment in 
figure 18. The latter simulation keeps the dissociation in reac-
tions (att04), (att05), and (att08-11), but no negative ions are 
formed. However, the comparison in figure 18 shows nearly 
no difference between the manipulated and the unchanged 
simulation. Hence, the influence of attachment processes and 
negative ions on the discharge behavior is negligible for the 
adapted simulation when using the listed rate coefficients.

Even though the discussion turns out that negative ions 
have no influence on the adapted simulated discharge, it is 
appropriate to figure out their influence if the attachment rates 
would be larger. Such an investigation is presented in figure 19,  

Figure 18. Influence of negative ions on the discharge: applied 
voltage, gap voltage, and discharge current density of the adapted 
simulation (colored, dashed lines) (a) without negative ions, and (b) 
without attachment in comparison with the electrical quantities of 
the unchanged adapted simulation (gray, solid lines).

Figure 19. Influence of larger attachment rates on the discharge: 
applied voltage, gap voltage, and discharge current density of the 
adapted simulation with (a) 10 and (c) 100 times larger attachment 
rates in comparison with the electrical quantities of the unchanged 
adapted simulation (gray) and spatially averaged densities of the 
most abundant charged species for (b) 10 and (d) 100 times larger 
attachment rates.
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using 10 and 100 times larger attachment rates. Looking at 
the case for 10 times larger attachment rates in (a) and (b), 
the discharge current pulse is slightly delayed and the O− 
density is in the same range as the electron density. For 100 
times larger attachment rates, the change in discharge current 
and gap voltage is obvious. The discharge ignites at a larger 
breakdown voltage and the discharge current pulse is wider. 
This is caused by the decrease in electron density, which 
slows down the electron impact excitation and the following 
Penning-ionization. For this case, the O− density is even 
about ten times larger than the electron density. Since the 
rate coefficients for ion-ion-recombination are larger than the 
rate coefficients for the recombination of positive ions with 
electrons, one would assume a stronger contribution of ion-
ion-recombination on the discharge dynamics. For the 100 
times larger attachment, the ion-ion-recombination processes 
actually dominate the ones with electrons, but their rates are 
still two orders of magnitude lower than the loss of ions by 
the drift to the dielectrics.

7. Conclusions

This work developed successfully a 1D fluid simulation for 
diffuse barrier discharges in helium with small admixtures of 
oxygen. The simulated discharge was adapted to the exper-
imentally measured gap voltage and discharge current and was 
able to reproduce these curves as well as the spatio-temporally 
resolved optical emission very well. The gas temperature and 
secondary electron emission coefficients used for the adap-
tion are reasonable, but a comparably large flux of thermally 
desorpted electrons from the negatively charged dielectric is 
necessary to reproduce the low ignition voltages and voltage 
drops during the discharge. The adapted simulation shows 
that the first discharge breakdown is a glow-like discharge, 
whereas the second is Townsend-like. This is in good agree-
ment with the measured optical emission as well, but the dis-
charge current of the second discharge is usually too large in 
the simulation in comparison to the experiment. Probably, the 
two discharge breakdowns take place at different lateral posi-
tions in the experiment, which cannot be reproduced by the 
one-dimensional simulation.

The analysis of the discharge dynamics shows that the 
Penning-ionization of oxygen molecules by helium metasta-
bles plays the key role for the charged particle production, 
whereas the loss of charged particles is dominated by the drift 
to the dielectrics. Recombination and electron attachment 
are of minor importance for the discharge dynamics. This 
is related to a low negative ion density, which is about one 
order of magnitude lower than the electron density during the 
discharge pulse and the late pre-phase. The dominant nega-
tive ion species during this time is the O− ion, which is in 
agreement with the laser pulse energy variation of the laser 
photodetachment experiment. It is mainly formed by dis-
sociative electron attachment to oxygen molecules. Only 
during the change in gap voltage polarity, the electric field is 
low enough to enable an effective attachment of electrons to 
the oxygen molecules via three particle collisions. For these 

times, the O2
− ion is the most abundant negative ion species 

and its density even exceeds the electron density. However, 
the exper imentally observed laser photodetachment effect was 
not observed at these times. The maximum of the laser photo-
detachment effect was measured in the late pre-phase, when 
the O− ion is dominant, which is in agreement with the results 
obtained by the laser wavelength variation.

The spatial distribution of negative ions follows the spatial 
distribution of the electron density, which increases exponen-
tially towards the anode during the pre-phase of the discharge 
and levels during the glow-like discharge breakdown. During 
the Townsend-like second discharge breakdown, the nega-
tive ion density increases exponentially towards the anode as 
in the pre-phase of the first breakdown. The contribution of 
long-living species as oxygen atoms, oxygen metastables or 
ozone on the negative ion formation is negligible because of 
their low density in comparison to the ground state oxygen 
molecule.

Looking at the influence of negative ions on the discharge, 
the included attachment processes are too slow to have an 
effect on the discharge breakdown. Such an effect occurs 
when using 100 times larger attachment rates, which is a 
placeholder for missing three-particle attachment processes or 
larger oxygen admixtures. For this larger attachment, the dis-
charge ignites later because of the missing electrons and the 
corresponding lower effective ionization. The lower mobility 
of negative ions in comparison to electrons is unimportant 
for these relatively long discharge pulses. Furthermore, even 
for these relatively large negative ion densities, the ion-ion 
recombination rate is still quite lower than the loss of charged 
particles by their drift to the dielectrics.

Although the simulation shows that negative ions are unim-
portant for the adapted discharge when using the listed rate 
coefficients, the laser photodetachment experiment showed 
at least a small effect on the discharge when detaching the 
electrons from the negative ions. The simulation might under-
estimate the negative ion densities because of missing volume 
attachment processes, their unknown dependence on the 
reduced electric field strength or a negative ion formation at 
the surfaces. Therefore, the next step should be an inclusion 
of the laser photodetachment in the simulation and a detailed 
comparison with the laser photodetachment experiment.
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Appendix. Collision rates

The included collision rates are listed in tables A1 and A2. 
Additionally, the collision rates depending on the reduced 
electric field strength E/n are plotted in figure A1.
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Table A2. Rate coefficients for volume reactions.

# Reaction Rate coefficient References

Electron impact excitation
(e01) e He He em→+ +− − f E n cm s3 1( / )    − [40]

(e02) e He He h UV e→ ( )ν+ + +− − f E n cm s3 1( / )    − [40]

(e03) e He He h VIS e→ ( )ν+ + +− − f E n cm s3 1( / )    − [40]

(e04) e O O a e2 2→ ( )+ +− − T1.7 10 exp 3.1 cm s9
e

3 1( / )   × −− − [20]

(e05) e O O b e2 2→ ( )+ +− − T3.24 10 exp 2.218 cm s10
e

3 1( / )   × −− − [20]

(e06) e O a O b e2 2( ) → ( )+ +− − T3.24 10 exp 1.57 cm s10
e

3 1( / )   × −− − [20]

(e07) e O O D e1→ ( )+ +− − T4.5 10 exp 2.29 cm s9
e

3 1( / )   × −− − [20]

(e08) e O O S e1→ ( )+ +− − 1.40 10 cm s11 3 1   × − − [20]

Quenching
(q01) e O a O e2 2( ) →+ +− − T5.6 10 exp 2.2 cm s9

e
3 1( / )   × −− − [20]

(q02) e O b O e2 2( ) →+ +− − T9.72 10 exp 0.591 cm s10
e

3 1( / )   × −− − [20]

Electron impact ionization
(i01) e He He 2e→+ +− + − f E n cm s3 1( / )    − [40, 41]

(i02) e O O 2e2 2→+ +− + − f E n cm s3 1( / )    − [40, 42]

(i03) e O O O 2e2 →+ + +− + − f E n cm s3 1( / )    − [43, 44]

(i04) e O a O 2e2 2( ) →+ +− + − f E n cm s3 1( / )    − [43, 44]

(i05) e O a O O 2e2( ) →+ + +− + − f E n cm s3 1( / )    − [43, 44]

(i06) e O b O 2e2 2( ) →+ +− + − T T2.34 10 exp 10.7 cm s9
e

1.03
e

3 1( ) ( / )   × −− − [20]

(i07) e O b O O 2e2( ) →+ + +− + − T T1.88 10 exp 15.2 cm s9
e

1.7
e

3 1( ) ( / )   × −− − [20]

(i08) e O O 2e→+ +− + − T T9 10 exp 13.6 cm s9
e

0.7
e

3 1( ) ( / )   × −− − [20, 45]

(i09) e O D O 2e1( ) →+ +− + − T T9 10 exp 11.6 cm s9
e

0.7
e

3 1( ) ( / )   × −− − [20]

(i10) e O S O 2e1( ) →+ +− + −
T T6.6 10 exp 9.43 cm s9

e
0.6

e
3 1( ) ( / )   × −− −

[20]

Penning-ionization
(p01) 2He He He em → + ++ − T8.7 10 exp 300 cm s10

gas
0.5 3 1( / )    × − − [21]

(p02) 2He He em
2→ ++ − T2.03 10 exp 300 cm s9

gas
0.5 3 1( / )    × − − [21]

(p03) He He He 2He em
2 →+ + ++ − T5 10 exp 300 cm s10

gas
0.5 3 1( / )    × − − [21]

(p04) He He He He em
2 2→+ + ++ − T2 10 exp 300 cm s9

gas
0.5 3 1( / )    × − − [21]

(p05) 2He He 3He e2 → + ++ − T3 10 exp 300 cm s10
gas

0.5 3 1( / )    × − − [21]

(p06) 2He He 2He e2 2→ + ++ − T1.2 10 exp 300 cm s9
gas

0.5 3 1( / )    × − − [21]

(p07) He O O He em →+ + ++ − T3.96 10 exp 300 cm s10
gas

0.17 3 1( / )    × − − [21]

(p08) He O D O He em 1( ) →+ + ++ − T3.96 10 exp 300 cm s10
gas

0.17 3 1( / )    × − − [21]

Table A1. Probabilities for reactions at the dielectric surface for a given reflexion coefficient r.

# Reaction Probability

(w01) He wall Hem →+ 1.000
(w02) He wall He2 →+ 1.000
(w03) aO wall O2 2( ) →+ 1  −  r
(w04) bO wall O2 2( ) →+ 1  −  r
(w05) O wall O2→+ 1  −  r
(w06) O D wall O1( ) →+ 1.000

(w07) O S wall O1( ) →+ 1.000

(w08) O wall O3 2→+ 1  −  r

(Continued)
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(Continued)

(p09) He O S O He em 1( ) →+ + ++ − T3.96 10 exp 300 cm s10
gas

0.17 3 1( / )    × − − [21]

(p10) He O O He em
2 2→+ + ++ − T2.54 10 exp 300 cm s10

gas
0.5 3 1( / )    × − − [21]

(p11) aHe O O He em
2 2( ) →+ + ++ − T2.54 10 exp 300 cm s10

gas
0.5 3 1( / )    × − − [21]

(p12) bHe O O He em
2 2( ) →+ + ++ − T2.54 10 exp 300 cm s10

gas
0.5 3 1( / )    × − − [21]

(p13) He O O O He em
3 2→+ + + ++ − T2.54 10 exp 300 cm s10

gas
0.5 3 1( / )    × − − [21]

(p14) He O O 2He e2 →+ + ++ − T1 10 exp 300 cm s10
gas

0.5 3 1( / )    × − − [21]

(p15) He O D O 2He e2
1( ) →+ + ++ − T1 10 exp 300 cm s10

gas
0.5 3 1( / )    × − − [21]

(p16) He O S O 2He e2
1( ) →+ + ++ − T1 10 exp 300 cm s10

gas
0.5 3 1( / )    × − − [21]

(p17) He O O 2He e2 2 2→+ + ++ − T1 10 exp 300 cm s10
gas

0.5 3 1( / )    × − − [21]

(p18) aHe O O 2He e2 2 2( ) →+ + ++ − T1 10 exp 300 cm s10
gas

0.5 3 1( / )    × − − [21]

(p19) bHe O O 2He e2 2 2( ) →+ + ++ − T1 10 exp 300 cm s10
gas

0.5 3 1( / )    × − − [21]

(p20) He O O O 2He e2 3 2→+ + + ++ − T1 10 exp 300 cm s10
gas

0.5 3 1( / )    × − − [21]

Recombination
(r01) e He Hem→+− + T6.76 10 cm s13

e
0.5 3 1( )    × − − − [20]

(r02) e He He He Hem→+ + +− + T T7.4 10 cm s35
e gas

2 6 1( / )    × − − − [20]

(r03) 2e He He em→+ +− + − T T7.8 10 cm s38
e gas

4.4 6 1( / )    × − − − [20]

(r04) e He He He2
m→+ +− + T T7.12 10 cm s15

e gas
1.5 3 1( / )    × − − − [20]

(r05) e He He He 2He2
m→+ + +− + 3.50 10 cm s27 6 1   × − − [20]

(r06) e He He He He2 2→+ + +− + 1.50 10 cm s27 6 1   × − − [20]

(r07) 2e He He He e2
m→+ + +− + − 2.80 10 cm s20 6 1   × − − [20]

(r08) 2e He He e2 2→+ +− + − 1.20 10 cm s21 6 1   × − − [20]

(r09) e O O D1→ ( )+− + T5.3 10 cm s13
e

0.5 3 1( )    × − − − [20]

(r10) 2e O O e→+ +− + − T5.12 10 cm s27
e

4.5 6 1( )    × − − − [20]

(r11) e O O O O2 2→+ + +− + T2.49 10 cm s29
e

1.5 6 1( )    × − − − [20]

(r12) e O He O He→+ + +− + T6.45 10 cm s31
e

2.5 6 1( )    × − − − [20]

(r13) e O 2O2 →+− + T1.2 10 cm s8
e

0.7 3 1( )    × − − − [20]

(r14) e O O O D2
1→ ( )+ +− + T8.88 10 cm s9

e
0.7 3 1( )    × − − − [20]

(r15) e O 2O D2
1→ ( )+− + T6.87 10 cm s9

e
0.7 3 1( )    × − − − [20]

(r16) 2e O O e2 2→+ +− + − T7.18 10 cm s27
e

4.5 6 1( )    × − − − [21]

(r17) e O O 2O2 2 2→+ +− + T2.49 10 cm s29
e

1.5 6 1( )    × − − − [20]

(r18) e O 2O4 2→+− + T2.25 10 cm s7
e

0.5 3 1( )    × − − − [21]

(r19) 2e O 2O e4 2→+ +− + − T7.18 10 cm s27
e

4.5 6 1( )    × − − − [21]

(r20) He O O He→+ ++ − T2 10 300 cm s7
gas

1 3 1( / )    × − − − [20]

(r21) He O He O 2He→+ + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [20]

(r22) He O O He2 2→+ ++ − T2 10 300 cm s7
gas

1 3 1( / )    × − − − [20]

(r23) He O O He3 3→+ ++ − T2 10 300 cm s7
gas

1 3 1( / )    × − − − [21]

(r24) He O O 2He2 →+ ++ − 1.00 10 cm s7 3 1   × − − [20]

(r25) He O M O 2He M2 →+ + + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r26) He O O 2He2 2 2→+ ++ − 1.00 10 cm s7 3 1   × − − [20]

(r27) He O M O 2He M2 2 2→+ + + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]
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(r28) He O O 2He2 3 3→+ ++ − 1.00 10 cm s7 3 1   × − − [21]

(r29) He O M O 2He M2 3 3→+ + + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r30) O O 2O→++ − T2 10 300 cm s7
gas

1 3 1( / )    × − − − [20]

(r31) O O M 2O M→+ + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r32) O O O O D1→ ( )+ ++ − T4.9 10 300 cm s10
gas

0.5 3 1( / )    × − − − [20]

(r33) O O O O2 2→+ ++ − T2.7 10 300 cm s7
gas

0.5 3 1( / )    × − − − [20]

(r34) O O M O O M2 2→+ + + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r35) O O O O3 3→+ ++ − T2 10 300 cm s7
gas

1 3 1( / )    × − − − [21]

(r36) O O M O O M3 3→+ + + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r37) O O O O2 2→+ ++ − T2 10 300 cm s7
gas

0.5 3 1( / )    × − − − [20]

(r38) O O M O O M2 2→+ + + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r39) O O 3O2 →++ − T2.6 10 300 cm s8
gas

0.44 3 1( / )    × − − − [45]

(r40) O O 2O2 2 2→++ − T2 10 300 cm s7
gas

0.5 3 1( / )    × − − − [20]

(r41) O O 2O O2 2 2→+ ++ − T1.01 10 300 cm s7
gas

0.5 3 1( / )    × − − − [20]

(r42) O O M 2O M2 2 2→+ + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r43) O O 2O O2 3 3→+ ++ − 1.00 10 cm s7 3 1   × − − [21]

(r44) O O O O2 3 3 2→+ ++ − T2 10 300 cm s7
gas

1 3 1( / )    × − − − [21]

(r45) O O M O O M2 3 3 2→+ + + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r46) O O O 2O4 2→+ ++ − 1.00 10 cm s7 3 1   × − − [21]

(r47) O O M O 2O M4 2→+ + + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r48) O O 3O4 2 2→++ − 1.00 10 cm s7 3 1   × − − [21]

(r49) O O M 3O M4 2 2→+ + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

(r50) O O O 3O4 3 2→+ ++ − 1.00 10 cm s7 3 1   × − − [21]

(r51) O O M O 2O M4 3 3 2→+ + + ++ − T2 10 300 cm s25
gas

2.5 6 1( / )    × − − − [21]

Attachment
(att01) e O O→+− − 1.00 10 cm s15 3 1   × − − [20]

(att02) e O O O O2 2→+ + +− − 1.00 10 cm s31 6 1   × − − [20, 45, 46]

(att03) e O He O He→+ + +− − 1.00 10 cm s31 6 1   × − − [20, 45, 46]a

(att04) e O O O2 →+ +− − f E n cm s3 1( / )    − [40, 42]

(att05) e O O O e2 →+ + +− + − − T T7.1 10 exp 17 cm s11
e

0.5
e

3 1( ) ( / )   × −− − [20, 45]

(att06) e 2O O O2 2 2→+ +− −
f E n cm s6 1( / )    − [47]

(att07) e O He O He2 2→+ + +− −
f E n cm s6 1( / )    − [47]a

(att08) e O a O O2( ) →+ +− − f E n cm s3 1( / )    − [43, 48]

(att09) e O b O O2( ) →+ +− − f E n cm s3 1( / )    − [43, 49]

(att10) e O O O3 2→+ +− −
f E n cm s3 1( / )    − [50, 51]

(att11) e O O O3 2→+ +− − f E n cm s3 1( / )    − [50, 51]

(att12) e O O O O3 2 3 2→+ + +− −
1.00 10 cm s31 6 1   × − − [45, 46]

(att13) e O He O He3 3→+ + +− −
1.00 10 cm s31 6 1   × − − [45, 46]a

Detachment
(det01) e O O 2e→+ +− − − T T1.95 10 exp 3.4 cm s12

e
0.5

e
3 1( ) ( / )   × −− − [20]

(det02) O He O He e→+ + +− − T2.5 10 300 cm s18
gas

0.6 3 1( / )    × − − [20]
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(det03) O He O He em →+ + +− − 3.00 10 cm s10 3 1   × − − [21]

(det04) O He O 2He e2 →+ + +− − 3.00 10 cm s10 3 1   × − − [21]

(det05) O O O e2→+ +− − T2 10 300 cm s10
gas

0.5 3 1( / )    × − − [20]

(det06) O O D 2O e1( ) →+ +− − 1.00 10 cm s10 3 1   × − − [21]

(det07) O O S 2O e1( ) →+ +− − 1.00 10 cm s10 3 1   × − − [21]

(det08) O O O e2 3→+ +− − T5 10 300 cm s15
gas

0.5 3 1( / )    × − − [20]

(det09) aO O O e2 3( ) →+ +− − T3 10 300 cm s10
gas

0.5 3 1( / )    × − − [20]

(det10) bO O O O e2 2( ) →+ + +− − T6.9 10 300 cm s10
gas

0.5 3 1( / )    × − − [20]

(det11) O O 2O e3 2→+ +− − T3.01 10 300 cm s10
gas

0.5 3 1( / )    × − − [20]

(det12) O He O He e2 2→+ + +− − T3.9 10 exp 7400 cm s10
gas

3 1( / )   × −− − [20]

(det13) O He O He e2
m

2→+ + +− − 3.00 10 cm s10 3 1   × − − [21]

(det14) O He O 2He e2 2 2→+ + +− − 3.00 10 cm s10 3 1   × − − [21]

(det15) O O O e2 3→+ +− − T1.5 10 300 cm s10
gas

0.5 3 1( / )    × − − [20]

(det16) O O D O O e2
1

2( ) →+ + +− − 1.00 10 cm s10 3 1   × − − [21]

(det17) O O S O O e2
1

2( ) →+ + +− − 1.00 10 cm s10 3 1   × − − [21]

(det18) O O 2O e2 2 2→+ +− − T2.7 10 exp 5590 cm s10
gas

3 1( / )   × −− − [20]

(det19) aO O 2O e2 2 2( ) →+ +− − T2 10 300 cm s10
gas

0.5 3 1( / )    × − − [20]

(det20) bO O 2O e2 2 2( ) →+ +− − 3.60 10 cm s10 3 1   × − − [20]

(det21) O He O O He e3
m

2→+ + + +− − 3.00 10 cm s10 3 1   × − − [21]

(det22) O He O O 2He e3 2 2→+ + + +− − 3.00 10 cm s10 3 1   × − − [21]

(det23) O O 2O e3 2→+ +− − 1.00 10 cm s11 3 1   × − − [21]

(det24) O O S O O e3
1

3( ) →+ + +− − 1.00 10 cm s10 3 1   × − − [21]

Dissociation
(dis01) e O 2O e2 →+ +− − T7.1 10 exp 8.6 cm s9

e
3 1( / )   × −− − [20]

(dis02) e O O O D e2
1→ ( )+ + +− − T4.0 10 exp 8.4 cm s8

e
3 1( / )   × −− − [20]

(dis03) e O O O S e2
1→ ( )+ + +− − f E n cm s3 1( / )    − [52]

(dis04) e O a 2O e2( ) →+ +− − T4.2 10 exp 4.6 cm s9
e

3 1( / )   × −− − [20]

(dis05) e O b 2O e2( ) →+ +− − T6.86 10 exp 4.66 cm s9
e

3 1( / )   × −− − [20]

(dis06) e O b O O D e2
1( ) → ( )+ + +− − T3.49 10 exp 4.29 cm s8

e
3 1( / )   × −− − [20]

(dis07) e O O O e3 2→+ + +− − 5.88 10 cm s9 3 1   × − − [20]

Charge conversion
(cc01) He 2He He He2→+ ++ + T1.4 10 300 cm s31

gas
0.6 6 1( / )    × − − − [20]

(cc02) He O O He→+ ++ + T5 10 300 cm s11
gas

0.5 3 1( / )    × − − [20]

(cc03) He O D O He1( ) →+ ++ + T5 10 300 cm s11
gas

0.5 3 1( / )    × − − [20]

(cc04) He O S O He1( ) →+ ++ + T5 10 300 cm s11
gas

0.5 3 1( / )    × − − [20]

(cc05) He O O O He2 →+ + ++ + T1.07 10 300 cm s9
gas

0.5 3 1( / )    × − − [20]

(cc06) He O O He2 2→+ ++ + T3.3 10 300 cm s11
gas

0.5 3 1( / )    × − − [20]

(cc07) aHe O O O He2( ) →+ + ++ + T1.07 10 300 cm s9
gas

0.5 3 1( / )    × − − [20]

(cc08) aHe O O He2 2( ) →+ ++ + T3.3 10 300 cm s11
gas

0.5 3 1( / )    × − − [20]

(cc09) He O O O He3 2→+ + ++ + T1.07 10 300 cm s9
gas

0.5 3 1( / )    × − − [20]

(cc10) He O O 2He2 →+ ++ + T1 10 300 cm s9
gas

0.5 3 1( / )    × − − [21]
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(cc11) He O D O 2He2
1( ) →+ ++ + T1 10 300 cm s9

gas
0.5 3 1( / )    × − − [21]

(cc12) He O O 2He2 2 2→+ ++ + T1 10 300 cm s9
gas

0.5 3 1( / )    × − − [21]

(cc13) aHe O O 2He2 2 2( ) →+ ++ + T1 10 300 cm s9
gas

0.5 3 1( / )    × − − [21]

(cc14) bHe O O 2He2 2 2( ) →+ ++ + T1 10 300 cm s9
gas

0.5 3 1( / )    × − − [21]

(cc15) He O O O 2He2 3 2→+ + ++ + T1 10 300 cm s9
gas

0.5 3 1( / )    × − − [21]

(cc16) O O He O He2→+ + ++ + T1 10 300 cm s29
gas

0.5 6 1( / )    × − − [20]

(cc17) O O O O2 2→+ ++ + T2 10 300 cm s11
gas

0.5 3 1( / )    × − − − [20, 45]

(cc18) O O O O3 2 2→+ ++ + 1.00 10 cm s10 3 1   × − − [21]

(cc19) O He O O He2
m →+ + ++ + 1.00 10 cm s10 3 1   × − − [21]

(cc20) O He O O 2He2 2 →+ + ++ + 1.00 10 cm s10 3 1   × − − [21]

(cc21) aO O D O O2
1

2( ) → ( )+ ++ + T1 10 300 cm s12
gas

0.5 3 1( / )    × − − − [20]

(cc22) O 2O O O2 2 4 2→+ ++ + T2.4 10 300 cm s30
gas

3.2 6 1( / )    × − − − [21]

(cc23) O O He O He2 2 4→+ + ++ + T5.8 10 300 cm s31
gas

3.1 6 1( / )    × − − − [21]

(cc24) O He O O He4 2 2→+ + ++ + 3.00 10 cm s17 3 1   × − − [21]

(cc25) O He O O O He4
m

2→+ + + ++ + 1.00 10 cm s10 3 1   × − − [21]

(cc26) O He O O O 2He4 2 2→+ + + ++ + 1.00 10 cm s10 3 1   × − − [21]

(cc27) O O O O4 2 3→+ ++ + 3.00 10 cm s10 3 1   × − − [21]

(cc28) O O D O O4
1

2 3( ) →+ ++ + 3.00 10 cm s10 3 1   × − − [21]

(cc29) O O S O O4
1

2 3( ) →+ ++ + 3.00 10 cm s10 3 1   × − − [21]

(cc30) O O O 2O4 2 2 2→+ ++ + T T3.3 10 300 exp 5030 cm s6
gas

4
gas

3 1( / ) ( / )   × −− − − [21]

(cc31) aO O O 2O4 2 2 2( ) →+ ++ + 1.00 10 cm s10 3 1   × − − [21]

(cc32) bO O O 2O4 2 2 2( ) →+ ++ + 1.00 10 cm s10 3 1   × − − [21]

(cc33) O O M O M2 3→+ + +− −
T1.1 10 300 cm s30

gas
1 6 1( / )    × − − − [23, 46]

(cc34) aO O O O2 2( ) →+ +− −
T1.1 10 300 cm s11

gas
0.5 3 1( / )    × − − − [20]

(cc35) O O O O3 2 2→+ +− −
T1.02 10 300 cm s11

gas
0.5 3 1( / )    × − − [20]

(cc36) O O O O3 3→+ +− −
T1.99 10 300 cm s10

gas
0.5 3 1( / )    × − − [21]

(cc37) O O O O2 2→+ +− − T1.5 10 300 cm s10
gas

0.5 3 1( / )    × − − [20]

(cc38) O O S O 2O2
1( ) →+ +− − 1.00 10 cm s10 3 1   × − − [21]

(cc39) O O O O2 3 3 2→+ +− −
T6 10 300 cm s10

gas
0.5 3 1( / )    × − − [23]

(cc40) O O O O3 2 2→+ +− −
T2.5 10 300 cm s10

gas
0.5 3 1( / )    × − − [23]

(cc41) O O D O O O3
1

2( ) →+ + +− − 1.00 10 cm s10 3 1   × − − [21]

(cc42) O O S O O O3
1

2( ) →+ + +− − 1.00 10 cm s10 3 1   × − − [21]

(cc43) O O S O 2O3
1

2( ) →+ +− − 1.00 10 cm s10 3 1   × − − [21]

(cc44) bO O O 2O3 2 2( ) →+ +− − 1.00 10 cm s10 3 1   × − − [21]

Neutrals conversion
(nc01) He 2He He Hem

2→+ + 2.00 10 cm s34 6 1   × − − [20]

(nc02) He M 2He M2 →+ + 1.50 10 cm s15 3 1   × − − [21]

(nc03) 2O He O He2→+ + T9.1 10 300 cm s34
gas

1 6 1( / )    × − − − [20]

(nc04) a2O He O He2→ ( )+ + 9.88 10 cm s35 6 1   × − − [20]

(nc05) 2O O O O2 3→+ + T3.4 10 exp 345 cm s34
gas

6 1( / )   × − − [20]
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(nc06) 2O O 2O2 2→+ T2.56 10 300 cm s34
gas

0.63 6 1( / )    × − − − [20]

(nc07) a2O O O O2 2 2→ ( )+ + T1.93 10 300 cm s35
gas

0.63 6 1( / )    × − − − [20]

(nc08) 3O O O2→ + T9.21 10 300 cm s34
gas

0.63 6 1( / )    × − − − [20]

(nc09) a3O O O2→ ( )+ T6.93 10 300 cm s35
gas

0.63 6 1( / )    × − − − [20]

(nc10) O O D 2O1( ) →+ 8.00 10 cm s12 3 1   × − − [20]

(nc11) O O S 2O1( ) →+ T3.33 10 exp 300 cm s11
gas

3 1( / )   × −− − [20]

(nc12) O O S O O D1 1( ) → ( )+ + T1.67 10 exp 300 cm s11
gas

3 1( / )   × −− − [21]

(nc13) O O He O He2 3→+ + + T3.4 10 300 cm s34
gas

1.2 6 1( / )    × − − − [20, 22]

(nc14) O 2O O O2 3 2→+ + T6 10 300 cm s34
gas

2.8 6 1( / )    × − − − [20]

(nc15) aO O O O2 2( ) →+ + 7.00 10 cm s16 3 1   × − − [20, 45]

(nc16) aO O O O 2O2 2 2( ) →+ + + 1.00 10 cm s32 6 1   × − − [21]

(nc17) aO O He O O He2 2( ) →+ + + + 1.00 10 cm s32 6 1   × − − [21]a

(nc18) bO O O O2 2( ) →+ + T8 10 300 cm s15
gas

0.5 3 1( / )    × − − [20]

(nc19) b aO O O O2 2( ) → ( )+ + T7.2 10 300 cm s14
gas

0.5 3 1( / )    × − − [20]

(nc20) O O 2O3 2→+ T8 10 exp 2060 cm s12
gas

3 1( / )   × −− − [20]

(nc21) O O O 2O3 2 3→+ + T1.5 10 exp 710 cm s34
gas

6 1( / )   × − − [21]

(nc22) O D He O He1( ) →+ + 1.00 10 cm s13 3 1   × − − [20]

(nc23) O D O O O1
2 2( ) →+ + T4.8 10 exp 67 cm s12

gas
3 1( / )   × − − [20]

(nc24) aO D O O O1
2 2( ) → ( )+ + T1.6 10 exp 67 cm s12

gas
3 1( / )   × − − [20]

(nc25) bO D O O O1
2 2( ) → ( )+ + T2.56 10 exp 67 cm s11

gas
3 1( / )   × − − [20]

(nc26) O D O 2O1
3 2( ) →+ 1.20 10 cm s10 3 1   × − − [20]

(nc27) O D O 2O O1
3 2( ) →+ + 1.20 10 cm s10 3 1   × − − [20]

(nc28) O S He O He1( ) →+ + 1.00 10 cm s13 3 1   × − − b

(nc29) O S O O O1
2 2( ) →+ + T1.6 10 exp 850 cm s12

gas
3 1( / )   × −− − [21]

(nc30) O S O O D O1
2

1
2( ) → ( )+ + T3.2 10 exp 850 cm s12

gas
3 1( / )   × −− − [20]

(nc31) aO S O 3O1
2( ) ( ) →+ 3.20 10 cm s11 3 1   × − − [21]

(nc32) aO S O O O1
2 2( ) ( ) →+ + 1.10 10 cm s10 3 1   × − − [21]

(nc33) a bO S O O D O1
2

1
2( ) ( ) → ( ) ( )+ + 2.90 10 cm s11 3 1   × − − [21]

(nc34) O S O 2O1
3 2( ) →+ 4.63 10 cm s10 3 1   × − − [20]

(nc35) aO He O He2 2( ) →+ + T8 10 300 cm s21
gas

0.5 3 1( / )    × − − [21]

(nc36) aO O O O2 2 3( ) →+ + T2.95 10 300 cm s21
gas

0.5 3 1( / )    × − − [21]

(nc37) aO O 2O2 2 2( ) →+ T2.2 10 300 cm s18
gas

0.8 3 1( / )    × − − [21]

(nc38) a2O 2O2 2( ) → T9 10 exp 560 cm s17
gas

3 1( / )   × −− − [21]

(nc39) a b2O O O2 2 2( ) → ( ) + T9 10 exp 560 cm s17
gas

3 1( / )   × −− − [21]

(nc40) a2O O 2O2 2 3( ) →+ 1.00 10 cm s31 6 1   × − − [21]

(nc41) aO O O 2O2 3 2( ) →+ + T5.2 10 exp 2840 cm s11
gas

3 1( / )   × −− − [20]

(nc42) b aO He O He2 2( ) → ( )+ + T1 10 300 cm s17
gas

0.5 3 1( / )    × − − [21]

(nc43) bO O 2O2 2 2( ) →+ T4 10 300 cm s18
gas

0.5 3 1( / )    × − − [20]

(nc44) b aO O O O2 2 2 2( ) → ( )+ + T3.6 10 300 cm s17
gas

0.5 3 1( / )    × − − [20]

(nc45) b a2O O O2 2 2( ) → ( ) + T3.6 10 300 cm s17
gas

0.5 3 1( / )    × − − [20]

Table A2. (Continued )

# Reaction Rate coefficient References

(Continued)

Plasma Sources Sci. Technol. 25 (2016) 055024

Article VIII

157



S Nemschokmichal et al

20

Figure A1. Rate coefficients for electron collisions depending on the reduced electric field strength. (a) Electron impact ionization. 
(b) Electron impact excitation. (c) Electron–ion recombination. (d) Electron attachment. (e) Electron impact dissociation and detachment. 
(f) Three particle collisions with electrons.

(nc46) bO O O 2O2 3 2( ) →+ + T7.33 10 300 cm s12
gas

0.5 3 1( / )    × − − [20]

(nc47) bO O O O2 3 3 2( ) →+ + T7.33 10 300 cm s12
gas

0.5 3 1( / )    × − − [20]

(nc48) b aO O O O2 3 2 3( ) → ( )+ + T7.33 10 300 cm s12
gas

0.5 3 1( / )    × − − [20]

(nc49) O He O O He3 2→+ + + T1.56 10 11 490 cm s9
gas

3 1( / )   × −− − [20]

(nc50) O O O 2O3 2 2→+ + T1.56 10 exp 11 490 cm s9
gas

3 1( / )   × −− − [20]

a Assumed rate coefficient from three particle collision with oxygen molecules. bTaken same value as for (nc22).
Note: Tgas in K, Te in eV.

Table A2. (Continued )

# Reaction Rate coefficient References
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Abstract
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

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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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 -O2 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
1D 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.

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 about1 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 Tgas

is constant between 300 and 350 K. The other included neutral
species are the helium metastable Hem, the helium dimer He2,
the oxygen metastable states D( )aO2

1
g and S+( )bO2

1
g , the

oxygen atom O with its excited states ( )O D1 and ( )O S1 , and the
ozone molecule O3. These neutral species diffuse along the axial
direction and become de-excited at the dielectric surfaces with a
probability of 1 (Hem, He2, ( )O D1 , ( )O S1 ) and 0.01 (O,

D( )aO2
1

g , S+( )bO2
1

g , O3). The included charged species are the
electrons e−, the helium ion +He , the helium dimer ion +He2 , the
positive oxygen ions O+, +O2 , and

+O4 as well as the negative
ions O−, -O2 , 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

Figure 1. Sketch of the laser photodetachment experiment.

Figure 2. Experimentally observed influence of the laser photo-
detachment of negative ions on the discharge development: gap
voltage Ugap and discharge current Idis 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.
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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 lxcat.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 = = ´A a b 1 mm 6 mmlsr lsr lsr

and the laser pulse energy Elsr. 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

l
= G =( ) ( ) ( ) ( ) ( )n t z t z c

c

E

c h b
f t g z, ,

1 1
1lsr lsr 0

0

lsr lsr

0 lsr
lsr lsr

is calculated. It depends on the flux of laser photons Glsr and
the speed of light c0. The flux is calculated from the laser
pulse energy Elsr, the laser wavelength llsr, Planck’s constant
h, the laser extension in the lateral direction =b 6 mmlsr , and
two functions ( )f tlsr and ( )g zlsr 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

p
= -

-⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( )f t

T

t t

T

4ln2
exp 4ln2 2lsr

lsr

lsr
2

lsr
2

with a laser pulse duration of =T 10 nslsr . 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

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

p
= -

-⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( )g z

a

z z

a

4ln2
exp 4ln2 3lsr

lsr

lsr
2

lsr
2

and smoothed box profiles

=
+ +- - - + -( ) ( )

( )

( )

4

g z
a

1 1

1 exp

1

1 expz z a

s

z z a

s

lsr
lsr

2 2lsr lsr lsr lsr

are considered due to the unknown profile in the experiment.
All profiles have a full width at half maximum of

=a 1 mmlsr . The smoothing of the box profiles is varied
from =s 0.1 mm to =s 0.02 mm. A comparison of the
spatially resolved photon densities obtained from these four
different profiles at =t tlsr 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 tlsr is varied in steps
of microseconds, the laser position zlsr 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 s=k c0 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 -O3 .

Figure 3. Spatially resolved density of laser photons at the moment
tlsr for different laser profiles ( =z 1.5 mmlsr , =E 100 mJlsr ).

Table 1. Photodetachment and photodissociation cross sections for
negative oxygen ions using the laser wavelength of l = 532 nmlsr .

Reaction s ´ -cm 2 Reference

l+  +- -hcO O e0 lsr ´ -6.4 10 18 [16, 17]
l+  +- -hcO O e2 0 lsr 2 ´ -1.2 10 18 [17]
l+  +- -hcO O e3 0 lsr 3 ´ -0.2 10 18 [18, 19]
l+  +- -hcO O O3 0 lsr 2 ´ -3.5 10 18 [20]

3
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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 Kgas , a thermal electron desorption
flux of = - -J 10 cm sdes

11 2 1 and a secondary electron emission
coefficient g =+ 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.

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 m278 s 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

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.

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,

=z 1.5 mmlsr , =s 0.1 mm, m=t 278 slsr , =E 100 mJlsr ).
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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 +O2 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 +O2 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 m278 s 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 -O2 density exceeds the
electron density because of the very effective attachment in

three particle collisions with the background gas

+ +  +- - ( )e O He O He 52 2

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 m=t 240 slsr . In (b), it is
visible that the larger -O2 density during the laser photodetach-
ment results in a large peak in electron density, but there is
nearly no change in the +O2 density. The electric field at

m=t 240 s 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

Figure 6. Influence of the laser photodetachment at m=t 278 slsr 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, =E 100 mJlsr ).

Figure 7. Influence of the laser photodetachment at m=t 240 slsr 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, =E 100 mJlsr ).
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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 Jdes of thermally desorpted electrons from
the cathode and the secondary electron emission coefficients
g g=+ ph 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 m0.2 s, 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,

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 -O2
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 O2 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. 6m

Afterwards, these metastables produce additional +O2 ions by
Penning-ionization

+  ++ ( )He O O He 7m
2 2

with a delay of several microseconds. The increased number
of +O2 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 m=t 270 slsr in
(a) has no effect, whereas the laser firing just before the
breakdown at m=t 282 slsr in (b) and during the breakdown
at m=t 294 slsr in (c) change the electrical characteristics. For

m=t 270 slsr , the laser firing is too early and the perturbation
relaxes before the discharge breakdown. In the second case at

m=t 282 slsr , the laser firing time is close enough to the

Table 2. Readapted desorption flux and secondary electron emission
coefficients for the conditions with larger attachment rates.

´J cm sdes
2 g+

´Attachment rates 1 1011 0.01
´Attachment rates 20 ´2 1011 0.02
´Attachment rates 50 ´5 1011 0.05
´Attachment rates 100 ´2 1012 0.20

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, =z 1.5 mmlsr ,
=s 0.1 mm, m=t 282 slsr , =E 100 mJlsr ).
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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 m=t 294 slsr , 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

D = - ( )t t t . 8min
without lsr

min
with lsr

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

ò òsD = -
m

m

m

m
( ) ( ) ( )j t t j t td d , 9

260 s

330 s

dis
with lsr

260 s

330 s

dis
without lsr

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

s s m s mD = -( ) ( ) ( )330 s 330 s , 10with lsr without lsr

are determined. Due to the negative discharge current density,
sD becomes positive when less charges are transported

during the laser affected discharge. Both Dt and sD are
plotted depending on the laser firing time tlsr for 20, 50 and
100 times larger attachment rates in the simulation in
figures 10(b) and (c). Besides, the experimental values from

[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

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) m=t 270 slsr , (b) m=t 282 slsr , (c) and m=t 294 slsr (box-shaped laser beam profile, =z 1.5 mm,
=s 0.1 mm, =E 100 mJlsr ).

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, =z 1.5 mmlsr , =s 0.1 mm, =E 100 mJlsr ) in
comparison to the scaled experimental values.
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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 ( m<t 260 slsr ) for all conditions
because the perturbation given by the laser photodetachment
relaxes within several microseconds. The simulated laser
photodetachment effect starts at m=t 270 slsr and reaches its
maximum at about m284 s 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 shiftDt in (b)
decreases until m290 s (for 100 times larger attachment rates)
and increases again after m290 s. For the lower attachment
rates, this behavior is hard to see, because the time shift Dt
undercuts the saving times of the simulation. This problem
does not occur for sD in (c), where even small differences are
visible. Until the maximum at about m=t 284 slsr , the curve
of sD equals the curve of Dt, but after the maximum it
decreases and changes its polarity at about m=t 295 slsr . For
times later than m=t 295 slsr , sD 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 sD 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 sD , 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

s l
D

= - - =
- -

-

-

⎛
⎝⎜

⎞
⎠⎟ ( )n

n

E

E
E

A hc
1 exp with 11e

O

lsr

O
O

lsr

O

0
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from the zero-dimensional analytical model in [10] are shown
( =A 6 mmlsr

2, Planck’s constant h, speed of light c0,
s = ´ -- 6.4 10 cmO

18 2, l = 532 nmlsr ). 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 E 70 mJlsr , 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 sD for different axial positions zlsr 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

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 ( =z 1.5 mmlsr , m=t 282 slsr ). Addi-
tionally, the scaled experimental values and the analytical saturation
curves for O− are plotted.
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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 aeff) 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 O He O O He 122

is introduced with a maximal rate coefficient of - -10 cm s27 6 1 at
9 Td. The corresponding two-particle collision rate coefficient is

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 m280 s. 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 m280 s, the change in discharge
current and gap voltage is very small. Hence, to reproduce the

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 ( =E 100 mJlsr , m=t 282 slsr ) in
comparison to the scaled experimental values and (b) the electron
and negative ion densities of the unaffected discharge.

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.

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

m=t 280 slsr (box-shaped laser beam profile, =z 1.5 mm,
=s 0.1 mm, =E 100 mJlsr ).
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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 m295 s. 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.

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 (1.46 eV) and ozone molecules (2.10 eV). Hence,
resonant charge transfers

+ 
g- -

-

( ) ( )O e surface O 13O
O

and

+ 
g

- -
-

( ) ( )O e surface O 143 3
O3
O3

of surface electrons to the oxygen atoms or ozone molecules
are possible, since the electron affinity of O and O3 can
compensate the binding energy of electrons on the surface. In
contrast to O− and -O3 , a resonant charge transfer is not
considered for -O2 , because the electron affinity of O2

(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 -O2 as
the main negative ion species. The coefficients g

-

O
O and g

-

O
O

3
3 in

(13) and (14) describe the probability to form a negative ion
per impinging oxygen atom or ozone molecule, respectively.
They are varied between 10−6 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

g= --
-

( )J J , 15O
from surface

O
O

O
to surface
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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

m=t 295 slsr (box-shaped laser beam profile, =z 1.5 mm,
=s 0.1 mm, =E 100 mJlsr ).
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is the flux to the surface [30], vth the thermal velocity, nO 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
g

-

O
O and g

-

O
O

3
3 are anyhow unknown, the discussion is limited to

the case where negative ions are not reflected from the surface.
For low values of g

-

O
O and g

-

O
O

3
3 , the discharge does not

change, but for g
-

0.001O
O 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
g

-

O
O 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 g g= = -- -

10O
O

O
O 4

3
3 , 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 m0.2 s 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

the laser affected discharge, and the gray lines the unaffected
discharge. For a laser firing time of m=t 264 slsr in (a), the
increase in electron density causes an immediate large
increase in helium metastables and a delayed increase in +O2

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 μs. In contrast, firing the laser at m=t 278 slsr 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 m=t 290 slsr . 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 Dt and the change in transported charge per
area sD are plotted for different laser firing times and different
reaction probabilities g

-

O
O and g

-

O
O

3
3 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

Figure 16. Change in negative charges by laser photodetachment
with the additional production of negative ions at the negatively
charged dielectric (g g= = -- -

10O
O

O
O 4

3
3 ): (a) spatially averaged

densities and spatio-temporally resolved density of (b) O− ions and
(c) electrons (box-shaped laser beam profile, =z 1.5 mmlsr ,
=s 0.1 mm, m=t 278 slsr , =E 100 mJlsr ).
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shown for comparison in (a). At times before m260 s, the
discharge is not affected by the laser photodetachment, as well
as for times later than m290 s. 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

density exceeds the negative ion density. Only between 260
and m290 s, 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 Dt agrees best for
g = ´ --

5 10O
O 4, but sD is still about five times larger in the

experiment. The value of g = ´ --
5 10O

O 4 in combination
with the reflexion coefficient of r = 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 sD 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 sD over the axial laser position. For all laser
beam profiles, sD increases towards the cathode. As known,
the electrons detached nearby the cathode have a longer way

Figure 17. Influence of the laser photodetachment on the discharge with negative ion formation at the cathodic dielectric (g g= = -- -
10O

O
O
O 4

3
3 ):

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) m=t 264 slsr , (b) m=t 278 slsr , (c) and m=t 290 slsr (box-shaped laser beam profile, =z 1.5 mm,
=s 0.1 mm, =E 100 mJlsr ).

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 mmlsr ,
=s 0.1 mm, =E 100 mJlsr ) in comparison to the scaled exper-

imental values.
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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 sD 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

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 g

-

O
O . 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 g

-

O
O 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 g

-

O
O , 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 Tgas, thermal electron
desorption flux Jdes and secondary electron emission coeffi-
cient g+ ( g= ph) 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 A1 is the parameter set of the pre-
vious discussions, the parameter sets A2 and A3 have larger
gas temperatures Tgas and lower electron desorption fluxes
Jdes. 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 Dt and the change in transported charge per discharge
area sD 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 U gp k Tgap B gas (gap distance g, pressure p,
Boltzmann constant kB) and the lowest electron desorption

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 (g g= = -- -

10O
O

O
O 4

3
3 ,

=z 1.5 mmlsr , m=t 278 slsr ). Additionally, the scaled experimental
values and the analytical saturation curves for O− are plotted.

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 (g g= = -- -

10O
O

O
O 4

3
3 ,

=E 100 mJlsr , m=t 278 slsr ) in comparison to the scaled exper-
imental values and (b) the electron and negative ion densities of the
unaffected discharge.
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flux Jdes 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 m=t 278 slsr . 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

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 A1, B1 and B2 from table 3. As a con-
sequence, the adapted electron desorption flux Jdes is between
one and two orders of magnitude lower than for the parameter
set A1. 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 Dt and the change in transported charge per
discharge area sD are plotted for the parameter sets A1, B1
and B2. As expected, the laser photodetachment effect
increases for lower electron desorption fluxes Jdes.

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

Figure 21. Influence of the laser photodetachment depending on the
laser firing time assuming negative ion formation at the cathodic
dielectric (g g= = -- -

10O
O

O
O 4

3
3 ) 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 mmlsr ,

=E 100 mJlsr ) 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 # ´ -d mmdis
1 ´ -T Kgas

1 ´J cm sdes
2 g+

A1 12 300 1011 0.010
A2 12 320 ´5 1010 0.010
A3 12 350 ´2 1010 0.005
B1 11 300 1010 0.005
B2 11 300 109 0.005

Figure 22.Axial profiles of (a) the reduced electric field strength and
(b) the electron density for the parameter sets A1, A2 and A3 of
table 3 under the assumption of the negative ion formation at the
cathodic dielectric at m=t 278 s (g g= = -- -

10O
O

O
O 4

3
3 ).
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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−, -O2 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 μs. 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

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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Figure 23. Influence of the laser photodetachment depending on the
laser firing time assuming negative ion formation at the cathodic
dielectric (g g= = -- -

10O
O

O
O 4

3
3 ) 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, =z 1.5 mmlsr , =E 100 mJlsr ) in
comparison to the scaled experimental values.
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Appendix A

Experimental Details

A.1 Electrical equivalent circuit

The calculation of the internal electrical quantities is based on the electrical equivalent

circuit of the discharge configuration in figure A.1, which is in accordance with the models

introduced in [76, 158]. Figure A.1(a) represents the simplest electrical equivalent circuit

to describe a laterally diffuse discharge on a circular area. The discharge gap is represented

by the time-dependent resistor Rgap(t) in parallel to the capacitance Cgap. The dielectrics

connected in series are considered by the effective capacitance Cdie. Besides, the parallel

capacitance Cpar accounts for the surroundings beyond the lateral discharge extent.

Cdie

CgapCpar Rgap(t)Ugap(t)

Udie(t)

Uext(t)

discharge regionsurroundings(a) (b)

Rgap(t)Cgap
1

Cglass
1

Cvar
1

CBSO
1

Cgap
2

Cglass
2

Cvar
2

CBSO
2

CPEEK
2

 region 1  region 2

Itot(t)

Ipar(t)

Idie(t)
tot

Igap(t)
dpl Idis(t)dpl

Fig. A.1: Electrical equivalent circuit of the discharge configuration: (a) one circular discharge

region, and (b) distinction between the central discharge region 1 and the peripheral discharge

region 2 with individual capacitances of all dielectrics.

According to Kirchhoff’s law, the total current through the discharge configuration

Itot(t) = Idpl
par(t) + Itot

die (t) = Idpl
par(t) + Idpl

gap(t) + Idis(t) (A.1)

is the sum of the displacement current Idpl
par(t) through the surroundings and the total

current Itot
die (t) through the dielectrics. The latter is the sum of the displacement current

Idpl
gap(t) through the discharge gap and the current Idis(t) induced by a discharge itself. The

applied voltage Uext(t) causes the voltage drop Udie(t) across the dielectrics and the voltage

drop Ugap(t) across the discharge gap, in the following referred to as the “gap voltage”.

With Idpl
par(t) = Cpar dUext(t)/dt, the current through the dielectrics can be derived,

Itot
die (t) = Cdie

dUdie(t)

dt
= Itot(t)− Idpl

par(t) = Itot(t)− Cpar
dUext(t)

dt
. (A.2)
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Time-integration of eq. (A.2) and division by Cdie yields an expression for the voltage

drop across the dielectrics

Udie(t) =
1

Cdie

∫
Itot(t)dt

︸ ︷︷ ︸
Qext(t)

−Cpar

Cdie
Uext(t) =

Qext(t)

Cdie
− Cpar

Cdie
Uext(t), (A.3)

which only depends on measurable and calculable quantities. Here, Qext(t) is the total

charge detected via an external capacitor at the grounded electrode. With consideration

of eq. (A.3), the gap voltage reads

Ugap(t) = Uext(t)− Udie(t) =

(
1 +

Cpar

Cdie

)
Uext(t)−

Qext(t)

Cdie
. (A.4)

As can be deduced from eq. (A.4), the gap voltage follows the applied voltage. However,

just before the breakdown, the residual surface charges from the previous discharge event

enhance the gap voltage with respect to the applied voltage (surface memory effect). In

contrast, during the discharge breakdown, the gap voltage is reduced by the generated and

subsequently deposited charge, which finally results in the termination of the discharge.

Moreover, the displacement current through the discharge gap yields

Idpl
gap(t) = Cgap

dUgap(t)

dt
= Cgap

(
1 +

Cpar

Cdie

)
dUext(t)

dt
− Cgap

Cdie

dQext(t)

dt
. (A.5)

Finally, the discharge current is obtained with consideration of eq. (A.1) and eq. (A.5),

Idis(t) = Itot − Idpl
par(t)− Idpl

gap(t)

=
dQext(t)

dt
− Cpar

dUext(t)

dt
− Cgap

(
1 +

Cpar

Cdie

)
dUext(t)

dt
+
Cgap

Cdie

dQext(t)

dt

=

(
1 +

Cgap

Cdie

)
dQext(t)

dt
−
(
Cpar + Cgap + Cgap

Cpar

Cdie

)
dUext(t)

dt

=

(
1 +

Cgap

Cdie

)
dQext(t)

dt
−
(
Cpar + Cgap

Cdie + Cgap

Cdie + Cgap
+ Cpar

Cgap

Cdie

)
dUext(t)

dt

=

(
1 +

Cgap

Cdie

)
dQext(t)

dt
−
(

1 +
Cgap

Cdie

)(
Cpar +

CgapCdie

Cdie + Cgap

)
dUext(t)

dt

=

(
1 +

Cgap

Cdie

)(
dQext(t)

dt
− Ctot

dUext(t)

dt

)
. (A.6)

The surface charge dynamics result from time-integration of the discharge current,

Qsur(t) =

(
1 +

Cgap

Cdie

)
(Qext(t)− CtotUext(t)) . (A.7)

Here, Ctot = Cpar + CgapCdie/(Cgap + Cdie) denotes the total effective capacitance of the

discharge configuration. It can be determined during the discharge off-time from the flat

slope of the Qext(Uext) plot (Lissajous figure). The interpretation of eq. (A.6) is that

the subtraction of the external total displacement current CextdUext(t)/dt from the ex-

ternal total current dQext(t)/dt slightly underestimates the (actual) internal discharge
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A.1 Electrical equivalent circuit

current by the factor (1 + Cgap/Cdie). However, note that the capacitance of the gas gap

is typically much smaller than the capacitance of the dielectrics, since each capacitance

Ci = ε0εiAi/di can be calculated by the electric field constant ε0, the relative permittivity

εi, the considered area Ai, and the thickness of the dielectric and the width of the gas

gap di, respectively. The unknown parallel capacitance Cpar of the surroundings is thus

calculated from Ctot, Cgap, and Cdie. When two or more dielectrics are present between

the electrodes, the effective capacitance Cdie is calculated from the individual capacitances

of the dielectrics connected in series, at least in the standard case of one circular discharge

region according to figure A.1(a).

If the discharge operates on different radial-symmetric regions, for instance regarding

the multiple current pulse regime of the diffuse barrier discharge, the description will be

more complicated. Figure A.1(b) illustrates the discharge part of the electrical equivalent

circuit for two distinct discharge regions with individual capacitances of the gas gap and

the dielectrics in accordance with the used discharge configuration, compare figure 2.1(b).

Actually, the experiment reveals a central circular discharge area (1) with radius R1 and

a peripheral annular discharge area (2) with ring width R2 −R1 for the operation of the

multiple current pulse regime. Hence, for the surrounding ring area, each capacitance

is calculated by Ci = ε0εiπ(R2
2 −R2

1)/di. The inner radius R1 ≈ 7.5 mm corresponds in

good approximation to the bottom electrode area, whereas the outer radius R2 ≈ 12 mm

is slightly smaller than the radius of the concentric dielectrics used. The different capac-

itances in both discharge regions cause deviations in the electric field across the gas gap.

Since the lateral movement of the charged particles in the volume reduces the lateral elec-

tric field component, the discharge itself connects both discharge regions. Consequently,

the effective capacitance of the gas gap results in

Cgap = C1
gap + C2

gap. (A.8)

As well, for the upper part of the discharge configuration, the effective capacitance of the

dielectrics is the sum of the single capacitances above both discharge regions,

Ctop
die = C1

glass + C2
glass. (A.9)

For the lower part of the discharge configuration, the effective capacitance of the dielectrics

must be calculated by the sum of two series capacitances below both discharge regions,

Cbot
die =

(
1

C1
var

+
1

C1
BSO

)−1

+

(
1

C2
var

+
1

C2
BSO

+
1

C2
PEEK

)−1

. (A.10)

The total effective capacitance of the dielectrics is the series connection of Ctop
die and Cbot

die ,

Cdie =
Ctop

die C
bot
die

Ctop
die + Cbot

die

. (A.11)

Finally, using the effective capacitances Cgap and Cdie, the gap voltage and the discharge

current are again calculated with eq. (2.1) and eq. (2.2), respectively. Thus both electrical

characteristics are as well effective quantities considering the two distinct discharge regions.
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Appendix A: Experimental Details

A.2 Electro-optic Pockels effect

The surface charge diagnostics is based on the electro-optic Pockels effect of the bismuth

silicon oxide (Bi12SiO20, short: BSO) crystal. Applying a constant (or low-frequency)

electric field to the BSO crystal induces an optical anisotropy: the change in its refractive

index depends linearly on the electric field strength, and on the relative orientation of the

crystal axes to the electric field direction. During the discharge operation, the electric field

across the BSO crystal is partly induced by the deposited surface charges. The resulting

birefringence causes a phase shift between the linearly polarized components of elliptically

polarized light passing the BSO crystal. Thus, analyzing the change in polarization of light

allows the quantitative determination of the surface charge density in space and time.

Considering an anisotropic and non-magnetic dielectric material, the electric displace-

ment field ~D is linked by the dielectricity tensor ε̃ to the applied electric field ~E,

Di = ε0

∑

j

εijEj, and inverted: Ei =
1

ε0

∑

j

(εij)
−1Dj, (A.12)

wherein ε0 is the electric field constant, and i, j = 1, 2, 3. In general, the dielectricity

tensor ε̃ as well as the impermeability tensor ε̃−1 have nine elements unequal to zero.

However, by main-axes transformation, the diagonal elements εii and (εii)
−1 describe the

optical properties of the anisotropic material with the help of the index-ellipsoid [159],

∑

ij

xixj(εij)
−1 =

x2

n2
x

+
y2

n2
y

+
z2

n2
z

= 1. (A.13)

Here, the refractive indexes
√
εii ≡ ni, with i = x, y, z, define the lengths of the half-axes,

see figure A.2(a). However, without external interference, the used BSO crystal behaves

optically isotropic, wherefore the general index-ellipsoid in figure A.2(a) degenerates to a

sphere with identical lengths of the half-axes nx = ny = nz ≡ n0.

(b)

n

(a)

x

y

z

nz
nx

ny x

y

z

z'
x'

y'

nx'

ny'
nz'

Fig. A.2: Index ellipsoid of an anisotropic electro-optic medium: (a) without electric field,

and (b) change in refractive indexes nx,y,z → n′x,y,z regarding the main axes x, y, z → x′, y′, z′

induced by an applied electric field.

For electro-optic materials like the BSO crystal, the index-ellipsoid is changed in the

presence of an electric field regarding both the lengths of the half-axes nx,y,z → n′x,y,z and

their orientation with respect to the (old) coordinate system x, y, z → x′, y′, z′, compare
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A.2 Electro-optic Pockels effect

figure A.2(b). Since the impermeability tensor ε̃−1 is symmetrical, the number of elements

is reduced to six, (n−2
xx , n

−2
yy , n

−2
zz , n

−2
yz , n

−2
xz , n

−2
xy )→ (n−2

1 , n−2
2 , n−2

3 , n−2
4 , n−2

5 , n−2
6 ) according

to the simplified Voigt notation [160]. For small electric field strength | ~E| → 0, the change

in elements of the impermeability tensor can be approximated by Taylor development

1

n2
v

( ~E) ≈ 1

n2
v

(0) +
∑

k

rvkEk

︸ ︷︷ ︸
Pockels effect

+
∑

k,l

svklEkEl

︸ ︷︷ ︸
Kerr effect

+..., (A.14)

with v = 1, ..., 6. Here, rvk = ∂n−2
v /∂Ek and svkl = ∂n−2

v /(2∂Ek∂El) denote the Pockels

and Kerr coefficients, respectively. The Pockels effect describes the linear dependence on

the electric field, but is linked to the second order of the electrical susceptibility. That is

why this effect only occurs in non-centric materials without inversion symmetry, whereas

the clearly less intensive (and thus negligible) quadratic Kerr effect is shown by every kind

of material. The coefficients rvk keep nearly constant for low-frequency (< MHz) electric

fields [161], wherefore the application of the Pockels effect for surface charge measurements

in barrier discharges driven by operating frequencies in the kHz range is uncritical. In

general, the three-dimensional Pockels tensor with 33 = 27 elements rijk can be reduced to a

3× 6 matrix with overall 18 not necessarily independent elements rvk due to the symmetry

of the impermeability tensor and with application of the Voigt notation. According to the

material-specific symmetry group, further simplifications can be made by comparison of

the matrix elements rvk after equivalent coordinate transformations.

(b)(a)

Fig. A.3: Grid structure of the Bi12SiO20 crystal: (a) [001] projection and (b) [111] projection.

The elements bismuth (Bi), silicon (Si), and oxygen (O) are represented by violet, blue, and

red circles, respectively. The [001] and [111] projections reveal the bivalent and trivalent axes,

respectively, as characteristic of the symmetry point group 23.

The BSO crystal belongs to the photorefractive crystals of the sillenite family (BMO,

with M = Si, Ge, Ti) [162]. Besides the electro-optic behavior, these materials are piezo-

electric and photoconductive [163–165], which means that mechanical stress and high-

intensity radiation, also in the VIS range, influence the dielectric properties. The BSO

crystal is characterized by a cubic grid structure, wherein the symmetry is described by

the point group 23 [163]. As illustrated in figure A.3, the three bivalent axes parallel

to the surface edges and the four trivalent axes parallel to the space diagonals become
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visible in (a) the [001] projection and (b) the [111] projection, respectively. The invari-

ant coordinate transformations allowed for the point group 23 include successive rotations

around one bivalent axis and one trivalent axis. Subsequent comparison of the matrix

elements rvk reveals three identical coefficients r41 unequal to zero. Thereby, the change

∆n−2
v ( ~E) = n−2

v ( ~E)− n−2
v (0) in elements of the impermeability tensor induced by the

Pockels effect in accordance with equation (A.14) simplifies to




∆n−2
1

∆n−2
2

∆n−2
3

∆n−2
4

∆n−2
5

∆n−2
6




=




0 0 0

0 0 0

0 0 0

r41 0 0

0 r41 0

0 0 r41






Ex

Ey

Ez


 . (A.15)

As reported in the literature [166–171], the Pockels coefficient r41 of the BSO crystal can

vary between 3.4− 5.0× 10−12 mV−1. In the present experiment, the Pockels coefficient

amounts to r41 = 4.3× 10−12 mV−1 averaged over one hundred calibration measurement.

x [100]

y [010]

z [001]

[110][-110]

incident and reflected light

E, k

birefringent BSO crystal

linearly polarized
light components

Fig. A.4: Orientation of the Bi12SiO20 crystal axes with respect to the direction of the applied

electric field ~E and the incoming light ~k. The electric field in z [001] direction induces the

birefringence of the crystal. The resulting fast and slow axes along the [110] and [-110] direc-

tions, respectively, cause a phase shift between the according linearly-polarized components

of the elliptically polarized LED light passing the crystal.

In the experiment, the applied electric field ~E = Ez~ez is parallel to the z [001] axis of

the BSO crystal, as depicted in figure A.4. Hence, with consideration of the isotropic

behavior nx = ny = nz ≡ n0 of the BSO crystal without external interference, the index-

ellipsoid rotates within the xy plane by 45◦ around the z [001] axis according to

x2

n2
0

+
y2

n2
0

+
z2

n2
0

+ 2r41xyEz = 1. (A.16)

The two rotated half-axes of the index-ellipsoid are parallel to the [110] and [-110] axes

of the BSO crystal. Again, main-axes transformation yields the lengths of the new half-

axes nf, ns, and nz defined by n−2
f = n−2

0 + r41Ez, n
−2
s = n−2

0 − r41Ez, and nz = n0. For

182



A.2 Electro-optic Pockels effect

small electric field strength, the new refraction indexes can be approximated by the linear

approach nf,s = n0 ± dn0. Taking into account the differential term d(n−2
0 ) = −2n−3

0 dn0,

an expression for the new refraction indexes is derived by

nf = n0 −
n3

0

2
r41Ez , and ns = n0 +

n3
0

2
r41Ez. (A.17)

Note that nf < ns, wherefore the phase velocity of light cf,s
ph = c0/nf,s is larger in parallel

to the half-axis of length nf than in parallel to the half-axis of length ns. That is why the

f -half-axis and the s-half-axis are called the fast and slow crystal axes, respectively. If

elliptically polarized light passes the electro-optic BSO crystal in ~k = k~ez direction parallel

to the applied electric field as shown in figure A.4, a phase difference ∆Φ = Φf − Φs is

induced between the linearly-polarized light components

Ef,s(z, t) = E0
f,s sin(ωt− kf,sz) = E0

f,s sin(Φf,s) (A.18)

along the fast and slow crystal axes. Here, E0
f,s and kf,s denote the amplitude of the electric-

field components and the wave numbers along the f -half-axis and s-half-axis, respectively,

and ω is the circular frequency. With consideration of equation (A.17) and the dispersion

relation cf,s
ph = c0/nf,s = ω/kf,s as well as ω = 2πc0/λLED, the phase difference after passing

the whole thickness dBSO of the BSO crystal yields

∆Φ = (kf − ks)dBSO =
2π

λLED
(nf − ns)dBSO =

2π

λLED
n3

0r41EzdBSO ≡ kUBSO, (A.19)

wherein λLED is the wavelength of the LED. Since the observation window of the surface

charge diagnostics is restricted to the region where the applied electric field is nearly

homogeneous, the BSO crystal can be described as an ideal plate capacitor. Consequently,

the term EzdBSO in equation (A.19) equals the voltage drop UBSO across the BSO crystal.

Moreover, a comparison with equation (2.4) reveals the connection to the measurable

proportionality factor k = 2πn3
0r41/λLED = 7× 10−4 V−1.

(a)

BSO

(b) (c) (d) (e)

BSO/8 plateλ /8 plateλpolarizer analyzerLED CCD camera

Fig. A.5: Polarization states (a)−(e) of the LED light after passing the polarizing components

included in the optical setup for the surface charge diagnostics.

The LED light passes several optically polarizing components included in the setup

for the surface charge diagnostics, as schematically shown in figure A.5. First, the non-

polarized LED light can be described by the electric field vector

~E(x, y, z, t) = ~E0(x, y) exp{i(kz − ωt)}, (A.20)
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which oscillates within the xy plane, but propagates in z-direction and thus perpendicular

to the retarding axes of the polarizing components. In equation (A.20), the amplitude

vector ~E0(x, y) = E0
~Pi(x, y) changes according to the different polarization vectors ~Pi, with

i = a, ..., e, related to the states (a)−(e) in figure A.5. The coordinate system is defined in

such a way that the x-axis and y-axis are parallel to the slow half-axis and fast half-axis

of the BSO crystal, respectively. First, the non-polarized light is made linearly polarized.

In more detail, the polarization direction is turned by 45◦ with respect to the s-half-axis

of the BSO crystal. The corresponding polarization vector reads

~Pa =

(
1√
2

1
−
√

2

)
. (A.21)

Secondly, the light is transferred into an elliptical polarization state by passing the λ/8

wave plate, whose retarding axis is parallel to the x-axis and the s-half-axis of the BSO

crystal, respectively. Thus, the polarization vector changes to

~Pb =

(
1√
2

exp{iπ4 }
1
−
√

2

)
. (A.22)

Third, the light traverses the birefringent BSO crystal twice due to the reflection at the

grounded aluminum mirror. Whenever an electric field is applied to the BSO crystal, an

additional change in polarization is induced according to the phase difference 2∆Φ. In

addition, the reflection causes a phase shift of ∆φ = π for both electric field components

of the LED light. In sum, the new polarization vector is

~Pc =

(
1√
2

exp{i(π4 + 2∆Φ + π)}
1
−
√

2
exp{iπ}

)
. (A.23)

On the way back, the light passes the λ/8 wave plate again. This results in an additional

phase shift by π/4 along the x-axis, wherefore the polarization vector changes to

~Pd =

(
1√
2

exp{i(π2 + 2∆Φ + π)}
1
−
√

2
exp{iπ}

)
. (A.24)

Finally, the polarization vector ~Pd is projected onto the analyzer that is orthogonally

aligned to the initial polarizer (~Pa). The corresponding polarization vector results in

~Pe =
exp{iπ}

2

(
exp{i(π

2
+ 2∆Φ)} − 1

)( 1√
2

1√
2

)
(A.25)

Note that the linearly polarizing beam splitter incorporated in the optical setup in figure

2.2 does not cause any further change in the polarization of light, since its respective

refraction edge is aligned with both the polarizer and the analyzer along the beam path.

The analyzer allows the CCD camera to measure the light intensity, which depends on the

electro-optic phase difference ∆Φ. The detected light intensity I is proportional to |~E|2.

Inserting the final polarization vector ~Pe into equation (A.20) yields

I(∆Φ) = E2
0 |~Pe|2 = I0

∣∣∣∣
1

2

(
exp{i(π

2
+ 2∆Φ)} − 1

)∣∣∣∣
2

=
I0

2
(1 + sin(2∆Φ)) , (A.26)
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wherein I0 denotes the unknown maximum light intensity. Assuming a small electro-optic

phase difference ∆Φ = kUBSO → 0 and thus a small voltage drop UBSO across the BSO

crystal according to equation (A.19), Taylor development of equation (A.26) ending up

with the linear term results in

I(UBSO) =
I0

2
(1 + 2kUBSO) . (A.27)

This linear approximation is in good agreement with equation (A.26) for a voltage drop

up to a value of about UBSO = 200 V. Note that the order of magnitude of UBSO ∼ 10 V

is typical for the present experiment, which is far away from this limitation. During the

discharge operation at time t, the total voltage drop across the BSO crystal

UBSO(x, y, t) = U ext
BSO(t) + UσBSO(x, y, t) (A.28)

is the sum of the partial feeding voltage drop U ext
BSO(t) across the BSO crystal and the

voltage drop UσBSO(x, y, t) induced by the deposited surface charge density σsur(x, y, t). As

long as the surface charges are deposited within but not beyond the area A enclosed by

the bottom electrode that is covered with the BSO crystal, the induced voltage drop

UσBSO(x, y, t) =
A

CBSO(A)
σsur(x, y, t) =

dBSO

ε0εBSO
σsur(x, y, t), (A.29)

can be calculated by considering the BSO crystal as an ideal plate capacitor with capac-

itance CBSO(A) = ε0εBSOA/dBSO restricted to this area. However, using only equation

(A.27) is insufficient for the quantitative determination of the surface charge density, since

the maximum light intensity I0 is unknown. That is why the intensity ratio

Imeas(U
ext
BSO + UσBSO)

Iref(U
ext
BSO)

=
1 + 2k[U ext

BSO + UσBSO]

1 + 2kU ext
BSO

(A.30)

is calculated to cancel out I0. Here, Imeas(U
ext
BSO + UσBSO) means the detected light in-

tensity during the discharge operation, which thus depends on the total voltage drop

across the BSO crystal according to equation (A.28). Moreover, Iref(U
ext
BSO) denotes the

reference intensity measured without any discharge and, hence, without the influence of

surface charges but in dependence of the partial feeding voltage drop U ext
BSO across the

BSO crystal, only. This is possible by using feeding voltage amplitudes below the required

discharge-ignition voltage. From this reference measurement, the proportionality factor

k is determined. Once k is known, the reference intensity Iref(U
ext
BSO) can be calculated

for each value of U ext
BSO according to the linear dependence. Finally, with consideration of

equation (A.29), the general formula for the recalculation of the surface charge density

from the detected light intensity is obtained by rearranging equation (A.30),

σsur(x, y, t) =
ε0εBSO

dBSO

(
Imeas(x, y, t)

Iref(x, y, t)
− 1

)(
U ext

BSO(t) +
1

2k

)
. (A.31)

Note that the partial feeding voltage drop U ext
BSO with maximum value in the order of 10 V

is actually negligible in comparison with the term 1/(2k) ≈ 7× 103 V.
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Analytical Calculations

B.1 Laser-induced release of surface electrons

It is known from the literature that surface electrons have low material-dependent binding

energies in the order of 1 eV [116–118]. Using a photon energy of 1.17 eV in figure B.1(a),

the laser photodesorption of surface electrons causes an additional current peak before

the actual discharge breakdown. The maximum of this current peak is delayed by few

microseconds with respect to the laser pulse, and the decay afterwards is even slower.

Note that the delay as well as the decrease afterwards are much longer than the short

laser pulse duration of 10 ns and the short transit time of electrons drifting through the

gas gap when the breakdown voltage is reached. Consequently, the shape of the additional

current peak indicates the stepwise release of surface electrons from the float glass plate

using the low laser photon energy of 1.17 eV. In contrast, no long-lasting current peak is

detected for laser photodesorption of surface electrons at the photon energy of 2.33 eV.

This photon energy should be sufficient to release surface electrons directly.
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(a) (b)

Fig. B.1: Direct vs. stepwise laser-induced release of surface electrons: (a) Discharge current

without and with laser photodesorption of surface electrons at different photon energies, as

well as calculated profile of the additional current peak according to equation (B.8), with

Qtot
e− = 0.7 nC, rSP = 0.7 µs−1, and rfree = 0.3 µs−1. (b) Sketch of the interface between the

discharge and a dielectric wall with positive electron affinity χ > 0, in accordance with the

model in [114]. Besides the electron population in the band gap Qgap and free electrons Qfree

above the effective surface potential wall, two intermediate states QCB and QSP are proposed

to explain the stepwise release of surface electrons as observed in the experiment.

Figure B.1(b) is a sketch of the interface between a dielectric wall and the discharge

in accordance with the model in [114]. Here, the dielectric is characterized by a positive

electron affinity χ > 0, as most of the materials that are typically used. The electron
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affinity is defined as the energy difference between the lower edge of the conduction band

(CB) and the effective surface potential wall just outside the dielectric. The latter is caused

by the superposition of the image potential and the plasma sheath potential. Thus, for

χ > 0, incident free electrons (Qfree) from the discharge volume can be trapped within the

CB (QCB) with subsequent energy relaxation to deeper band gap states (Qgap) caused by

chemical contamination or structural damage due to the discharge exposure. According to

this scheme, the photon energy of 2.33 eV allows the direct release of surface electrons from

the population Qgap. However, the lower photon energy of 1.17 eV is insufficient for the

laser-excited surface electrons to overcome the effective surface potential wall. Instead, the

stepwise release including two intermediate states explains (i) the delay of the additional

current peak with respect to the short laser pulse, and (ii) the slow decrease afterwards.

First, the band gap population Qgap is depleted by the short laser pulse resulting in the

immediate occupation of the CB population QCB(t = 0) ≡ Qtot
e− as the first intermediate

state. Afterwards, the photo-excited surface electrons might be transferred according to

the rate rSP to the population QSP within the shallow surface potential valley acting as the

second intermediate state. Finally, the still-bound surface electrons might be released in

interaction with incident ions, metastable species, or photons in the VIS range, producing

free electrons Qfree according to the rate rfree. Following this one-directional sequence, the

rate equation system reads

dQCB

dt
= −rSPQCB, (B.1)

dQSP

dt
= rSPQCB − rfreeQSP, (B.2)

dQfree

dt
= rfreeQSP. (B.3)

The solution of equation (B.1) is the exponential decay QCB(t) = Qtot
e− exp(−rSPt). This

solution is inserted in equation (B.2) resulting in an inhomogeneous differential equation

for the population QSP(t). First, neglecting the inhomogeneous term, the homogeneous

solution QSP(t) = C exp(−rfreet) describes a simple exponential decay again, wherein

C ≡ QSP(t = 0) defines the starting condition. The inhomogeneous solution is obtained

by temporal variation of the starting parameter, C = C(t). It follows

dQSP

dt
=

dC

dt
exp(−rfreet)− rfreeC(t) exp(−rfreet)

!
= rSPQ

tot
e− exp(−rSPt)− rfreeC(t) exp(−rfreet). (B.4)

Comparison of the terms in equation (B.4) yields the rate equation for the starting pa-

rameter
dC

dt
= exp(rfreet)rSPQ

tot
e− exp(−rSPt), (B.5)

with the solution

C(t) =
rSP

rSP − rfree
Qtot

e− [1− exp(−(rSP − rfree)t)] . (B.6)
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Inserting equation (B.6) into the inhomogeneous approach QSP(t) = C(t) exp(−rfreet)

yields the temporal evolution of the electron population within the surface potential valley,

QSP(t) =
rSP

rSP − rfree
Qtot

e− [exp(−rfreet)− exp(−rSPt)] . (B.7)

Finally, inserting equation (B.7) into the rate equation (B.3) for the free electron popula-

tion Qfree results in an expression for the current of released surface electrons,

dQfree

dt
=

rSPrfree

rSP − rfree
Qtot

e− [exp(−rfreet)− exp(−rSPt)] . (B.8)

Besides, the solution of the rate equation (B.8)

Qfree(t) = Qtot
e−

[
1− rSP

rSP − rfree
exp(−rfreet) +

rfree

rSP − rfree
exp(−rSPt)

]
(B.9)

describes the population of free electrons reaching saturation at Qfree(t → ∞) = Qtot
e− ,

which means that all surface electrons that were initially excited to the conduction band

by the laser at low photon energy of 1.17 eV are finally released according to the one-

directional sequence (B.1)−(B.3).

The current of released surface electrons in equation (B.8) describes the measured addi-

tional current peak just after the laser pulse, as plotted in figure B.1(a) for Qtot
e− = 0.7 nC,

rSP = 0.7 µs−1, and rfree = 0.3 µs−1. The calculated current matches well with the current

peak from experiment. This supports the assumption that using the low laser photon

energy of 1.17 eV results in the stepwise release of surface electrons from the float glass

plate. Note that the amount of released surface electrons Qtot
e− = 0.7 nC is in good agree-

ment with the actually released electrons in the simulation, see figure 4.5(b). Here, the

total amount of 3 nC is initially released, but most of these electrons get re-trapped at the

dielectric surface due to subsequent back-diffusion. Obviously, the calculated current of

released surface electrons cannot perfectly describe the additional current peak from ex-

periment. Regarding the calculations, the rate equation system (B.1)−(B.3) follows from

the simplified scheme of the interface between an impure dielectric wall and the discharge.

For instance, multiple energy levels as well as the actually much more complex excitation

and de-excitation sequences are neglected here. From experimental point of view, the axial

profile of the laser radiation intensity is inhomogeneous. As well, the measured current

peak is not only determined by the released electrons but also by their interaction with the

background gas, whereby further electrons are produced. Both aspects are not considered

in these simple analytical calculations. Nevertheless, the idea was just to check whether

the stepwise release of surface electrons via two intermediate states allows to explain the

experiment. Actually, other intermediate states as well as exciting and releasing processes

than proposed here could be assumed. But, in fact, at least two intermediate states are

necessary to describe the delay between the short laser pulse and the current peak induced

by released surface electrons as well as the slow decrease afterwards.
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Appendix B: Analytical Calculations

B.2 Effective ionization coefficient in helium with air impurities

In order to estimate effective secondary electron emission coefficients from Townsend’s

criterion (4.5) for the breakdown condition of the diffuse discharge in helium, to calculate

the effective ionization coefficient according to equation (4.6) is necessary. Therefore, the

electron mobility µe(E/n) as well as the rate coefficient keff(E/n) for effective ionization

He + e− → ...→ He+/M+ + 2e− (B.10)

must be known as a function of the reduced electric field strength E/n. Note that the pre-

ionization and discharge breakdown in nominally pure helium are primarily determined by

Penning ionization of always present gas impurities defined as synthetic air M = {N2,O2}
with density ratio [N2]/[O2] = 4/1. Direct electron-impact ionization of helium (ki) that

results in Townsend’s first ionization coefficient, as well as electron-impact excitation of

helium metastable states (ke), conversion of atomic to molecular helium metastable states

(kc), and Penning ionization of nitrogen and oxygen impurities contribute to the effective

ionization (B.10). These processes and corresponding rate coefficients are listed in table

4.1. The rate coefficients for ionization and excitation by electron impact are calculated

using BOLSIG+ [143] and the LISBON database [144]. Both two-body and three-body

Penning ionization of N2 as well as O2 in interaction with Hem must be considered, but only

two-body Penning ionization of N2 as well as O2 by Hem
2 is possible. With consideration of

the pressure p and with estimation of the gas temperature Tg, the background gas density

[He] = p/(kBTg) can be canceled out in the three-body reactions, wherein kB denotes the

Boltzmann constant. Moreover, since the density ratio [N2]/[O2] = 4/1 is well-defined, the

impurities can be treated as one species. All together, Penning ionization of the impurities

in interaction with Hem and Hem
2 can be described by the effective rate coefficients kP1

and kP2, respectively. Finally, introducing the density ratio Rm ≡ [Hem
2 ]/[Hem] allows the

analytical solution of the rate equation system including the elementary processes listed

in table 4.1. Thereby, the rate equation system simplifies to

d[Hem]

dt
= ke[He][e−]− (kP1[M] + kc[He]2)[Hem]

≡ re[e
−]− (rP1 + rc)[Hem], (B.11)

d[e−]

dt
= ki[He][e−] + kP1[M][Hem] + kP2[M][Hem

2 ]

≡ ri[e
−] + (rP1 + rP2Rm)[Hem], (B.12)

and can be separated resulting in a differential equation for the electron density only,

0 =
d2[e−]

dt2
+ (rc + rP1 − ri)︸ ︷︷ ︸

a

d[e−]

dt
− (ri(rc + rP1) + re(rP1 + rP2Rm))︸ ︷︷ ︸

b

[e−]. (B.13)

Inserting the exponential approach [e−](t) = A exp(ωt) into the differential equation (B.13)

yields a quadratic equation with two real solutions

ω1,2 =
a

2

(
±
√

1 + 4
b

a2
− 1

)
. (B.14)
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B.2 Effective ionization coefficient in helium with air impurities

Already after some tens of nanoseconds, the general solution for the electron density equals

the continuous exponential increase A exp(ωt), with ω > 0. Thus, the negative solution

can be neglected because of the microsecond time scale of the regarded diffuse discharge.

For small impurity concentrations [M]/[He] ≤ 10−3 as in the present experiment, and for

values of the reduced electric field strength larger than about 5 Td, the rates for excitation

of helium metastable atoms (re) and electron-impact ionization (ri) clearly exceed the rates

for conversion of atomic to molecular helium metastable states (rc) and Penning ionization

(rP1, rP2). Under these conditions, the general positive solution simplifies to

ω ≈ ri

2

(√
1 + 4

rP1(re + ri)

r2
i

+ 1

)
. (B.15)

The rate coefficient for effective ionization keff = ω/[He] results from the comparison of

the rate equation for electrons according to the exponential approach [e−](t) = A exp(ωt)

and according to the effective ionization reaction (B.10),

d[e−]

dt
= ω[e−] = keff[He][e−]. (B.16)

In figure B.2(a), keff is plotted for different impurity concentrations [M]/[He] as a function

of the reduced electric field strength. Moreover, the rate coefficient ki for electron-impact

ionization of helium is depicted. For reasonable impurity concentrations, keff exceeds ki for

values of E/n lower than 30 Td. This range includes the electric field strength Eb = Ub/g

that initiates the discharge breakdown under the experimental conditions studied. Note

that keff = ω/[He] approaches ki for larger reduced electric field strength, as can be deduced

from equation (B.15).
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Fig. B.2: Towards the calculation of the effective ionization coefficient in helium with air

impurities: (a) Rate coefficients for direct electron-impact ionization of He (red line) and

overall effective ionization considering different air impurity concentrations [M]/[He], and (b)

electron mobility, both as a function of the reduced electric field strength. Gas temperature

Tg = 350 K, air impurities [N2]/[O2] = 4/1, metastables density ratio [Hem
2 ]/[Hem] = 1/10.

Taking keff(Eb) and the mean electron mobility µe(Eb) calculated with BOLSIG+ and

plotted in figure B.2(b), the effective ionization coefficient αeff(Eb) is calculated with

equation (4.6). Finally, the effective SEE coefficients γeff(Eb) for the different dielectrics

are estimated using Townsend’s criterion (4.5).
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B.3 Laser-photodetachment yield

The ratio of the detached electron density to the negative ion density defines the laser-

photodetachment yield ∆[e−]/[X−], with X− = {O−,O−2 ,O−3 }. The latter determines and

limits the disturbance in ionization kinetics and, thus, the measured laser-induced effect

on the discharge in helium-oxygen mixtures. To calculate the laser-photodetachment yield

for the different negative ion species, laser photodetachment of O− and O−2 ,

O− + Eph → O + e−, (B.17)

O−2 + Eph → O2 + e−, (B.18)

as well as laser photodissociation of O−3 followed by laser photodetachment of O−,

O−3 + Eph → O2 + O−, O− + Eph → O + e−, (B.19)

must be considered, wherein Eph is the photon energy. Note that laser photodetachment

of O−3 is unlikely compared to laser photodissociation of O−3 using the photon energy

Eph = 2.33 eV [154–157]. Starting with the negative ion species X− = {O−,O−2 }, the rate

equation system according to reaction (B.17) respectively (B.18) reads

d[X−]

dt
= −rX−(t) [X−], (B.20)

d[e−]

dt
= rX−(t) [X−]. (B.21)

The time-dependent laser-photodetachment rate rX−(t) is defined by

rX−(t) =
σX−

Alsr

Elsr

Eph︸ ︷︷ ︸
cX−

flsr(t),

+∞∫

−∞

flsr(t)dt ≡ [Flsr(t)]
+∞
−∞ = 1. (B.22)

Here, σX− is the photodetachment cross section, Alsr denotes the cross-sectional area

of the laser beam, Elsr is the laser pulse energy, and flsr(t) is the normalized temporal

profile of the laser pulse. The laser-photodetachment rate rX−(t) ≡ cX−flsr(t) in equation

(B.22) assumes a homogeneous radiation flux across the cross-sectional area of the laser

beam [127]. The general solution of the rate equation (B.20) is

[X−](t) = [X−]−∞ exp


−

t∫

−∞

rX−(τ)dτ


 = [X−]−∞ exp (−cX−Flsr(t)) , (B.23)

wherein [X−](t = −∞) ≡ [X−]−∞ represents the initial negative ion density before the

laser pulse. Inserting the solution for the negative ion density [X−](t) into the rate equation
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B.3 Laser-photodetachment yield

(B.21) for the electron density with subsequent integration yields

[e−](t) =

t∫

−∞

rX−(τ)[X−](τ)dτ

= [X−]−∞

t∫

−∞

cX−flsr(τ) exp [−cX−Flsr(τ)] dτ

= [X−]−∞ [− exp [−cX−Flsr(t)]]
t
−∞

= [X−]−∞ (1− exp[−cX−Flsr(t)]) , (B.24)

with dFlsr(t)/dt = flsr(t) and Flsr(−∞) = 0. Finally, the laser-photodetachment yield

∆[e−]/[X−] for the species X− = {O−,O−2 } is obtained from the ratio of the electron

density [e−]+∞ after the laser pulse to the initial negative ion density [X−]−∞ before the

laser pulse, resulting in

∆[e−]

[X−]
≡ [e−]+∞

[X−]−∞
= 1− exp(−cX−) = 1− exp

(
−σX−

Alsr

Elsr

Eph

)
, (B.25)

with Flsr(+∞) = 1 according to equation (B.22). It is interesting to note that the laser-

photodetachment yield ∆[e−]/[X−] is independent of the actual temporal shape flsr(t) of

the laser pulse. However, this statement is only valid as long as the laser pulse duration

is short compared to the typical time constant of the negative ion reaction kinetics in the

discharge volume. Here, the laser used in the experiment has approximately a Gaussian

profile with FWHM = 10 ns. In contrast, the effective attachment time constant is in the

microsecond range, as estimated in Article VII for the experimental conditions studied.

Finally, the laser-photodetachment yield ∆[e−]/[O−3 ] needs to be calculated. The rate

equation system according to the one-directional reaction sequence (B.19) reads

d[O−3 ]

dt
= −rO−

3
(t) [O−3 ], (B.26)

d[O−]

dt
= rO−

3
(t) [O−3 ]− rO−(t) [O−], (B.27)

d[e−]

dt
= rO−(t) [O−]. (B.28)

As already shown, the type of rate equation (B.26) has the general solution

[O−3 ](t) = [O−3 ]−∞ exp
(
−cO−

3
Flsr(t)

)
. (B.29)

The inhomogeneous rate equation (B.27) for [O−] has the structure dy/dt = f(t)y + g(t).

Here, the parameter-variation method provides the general solution

y(t) = exp[F (t)]


y(−∞) +

t∫

−∞

g(τ) exp[−F (τ)]dτ


 , with:

t∫

−∞

f(τ)dτ = F (t). (B.30)
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Since O− represents an intermediate state in the rate equation system (B.26)−(B.28),

the initial density [O−](t = −∞) ≡ [O−]−∞ must be zero. Thus, with consideration of

equation (B.29) and equation (B.30), the density [O−](t) can be calculated with

[O−](t) = exp[−cO−Flsr(t)]

t∫

−∞

[O−3 ]−∞cO−
3
flsr(τ) exp[−(cO−

3
− cO−)Flsr(τ)] dτ

= [O−3 ]−∞ exp[−cO−Flsr(t)]
cO−

3

cO−
3
− cO−

[
− exp[−(cO−

3
− cO−)Flsr(τ)]

]t
−∞

= [O−3 ]−∞
cO−

3

cO−
3
− cO−

exp[−cO−Flsr(t)]
(

1− exp[−(cO−
3
− cO−)Flsr(t)]

)

= [O−3 ]−∞
cO−

3

cO−
3
− cO−

(
exp[−cO−Flsr(t)]− exp[−cO−

3
Flsr(t)]

)
. (B.31)

Inserting [O−](t) into the rate equation (B.28) with subsequent integration yields the

time-dependent density of detached electrons

[e−](t) =

t∫

−∞

rO−(τ) [O−](τ) dτ

=

t∫

−∞

cO−flsr(τ)[O−3 ]−∞
cO−

3

cO−
3
− cO−

(
exp[−cO−Flsr(τ)]− exp[−cO−

3
Flsr(τ)]

)
dτ

=
[O−3 ]−∞
cO−

3
− cO−

(
cO−

3
[− exp[−cO−Flsr(τ)]]t−∞ − cO−

[
− exp[−cO−

3
Flsr(τ)]

]t
−∞

)

=
[O−3 ]−∞
cO−

3
− cO−

(
cO−

3
(1− exp[−cO−Flsr(t)])− cO−

(
1− exp[−cO−

3
Flsr(t)]

))

=
[O−3 ]−∞
cO−

3
− cO−

(
cO−

3
− cO− − cO−

3
exp[−cO−Flsr(t)] + cO− exp[−cO−

3
Flsr(t)]

)

= [O−3 ]−∞

(
1−

cO−
3

cO−
3
− cO−

exp[−cO−Flsr(t)] +
cO−

cO−
3
− cO−

exp[−cO−
3
Flsr(t)]

)
.

(B.32)

Finally, the laser-photodetachment yield ∆[e−]/[O−3 ] is the ratio of the detached electron

density [e−]+∞ after the laser pulse to the initial negative ion density [O−3 ]−∞ before the

laser pulse, yielding again a saturation curve as a function of the laser pulse energy Elsr,

∆[e−]

[O−3 ]
≡ [e−]+∞

[O−3 ]−∞
= 1−

cO−
3

cO−
3
− cO−

exp[−cO− ] +
cO−

cO−
3
− cO−

exp[−cO−
3

]

= 1−
σO−

3

σO−
3
− σO−

exp

(
−σO−

Alsr

Elsr

Eph

)
+

σO−

σO−
3
− σO−

exp

(
−
σO−

3

Alsr

Elsr

Eph

)
.

(B.33)

The three laser-photodetachment yields ∆[e−]/[O−], ∆[e−]/[O−2 ], and ∆[e−]/[O−3 ] are

plotted in comparison with the measured laser-induced effect in figure 5.4(a).
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Appendix C

Electric Field Strength Measurements

in He/N2 Barrier Discharges

In atmospheric-pressure barrier discharges, the reduced electric field strength determines

the electron-transport parameters and thus the excitation as well as ionization kinetics

based on electron-collision processes. To know the spatio-temporal electric field devel-

opment within the discharge volume is therefore of fundamental interest. Typically, this

is accessible as the output of fluid models of the discharge. However, the measurement

of the electric field strength in BDs is naturally a great challenge. It is often based on

optical diagnostics such as stark polarization spectroscopy, cross-correlation spectroscopy

or optical emission spectroscopy in combination with collision-radiation models. Here,

either the low optical emission yield together with the inhomogeneous and non-stationary

discharge behavior or rather complex underlying excitation and de-excitation sequences

define the qualitative and quantitative limitations. Though these advanced methods are

already well-established, a new feature is the comparison of the measured electric field

with adapted simulations of the discharge. In this context, first experimental results are

reported in the following sections. The spatio-temporal development of the electric field

strength in diffuse and filamentary He/N2 BDs was determined by both stark polarization

spectroscopy and the line-intensity ratio method.

C.1 Experimental setup and diagnostics

The used plane-parallel discharge configuration equals the one depicted in figure 2.1(b).

However, here, the variable dielectric was alumina covering the BSO crystal on top of

the grounded electrode. The discharge was driven by square-wave feeding voltage in well-

defined He/N2 mixtures in the flowing regime at the total pressure of one atmosphere. A

laterally diffuse discharge was operated in helium with 500 ppm nitrogen admixture. This

allowed the simulation of the discharge with well-defined nitrogen content dominating over

otherwise uncertain gas impurities. Moreover, a single self-stabilized discharge filament

was operated in helium with 10 vol.% nitrogen admixture.

Figure C.1 illustrates the experimental setup used for the determination of the electric

field strength. In addition to electrical measurements of the total transported charge or

current, the setup enables the spatio-temporally as well as spectrally resolved detection of

the optical emission from the discharge volume by means of a moveable lens (1:-1 imaging)
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and a monochromator (MC) in combination with a photomultiplier tube (PMT), as already

described in section 2.4. The width of the horizontal slit at the entrance of the MC is

0.1 mm, and the lens is vertically moved in steps of 0.05 mm to scan the discharge gap width

of 3 mm. By means of a 1800 mm−1 diffraction grating, a maximum spectral resolution of

about 0.05 nm is achieved. The maximum temporal resolution of less than 10 ns is limited

by the jitter of the discharge itself. The PMT signal is averaged by a digital oscilloscope

and, thereby, it is synchronized with the discharge current or transported charge.

Rext Cext

HVFG & AMP
1:1000

10
00

:1

moveable
lens

Electrical
measurements

monochromator and
photomultiplier tube

color/polarization filter

power supply

oscilloscope

Optical emission
spectroscopy

Fig. C.1: Diagnostic setup for electric field strength measurements. The spatio-temporally

resolved detection of the optical emission from the discharge is synchronized with the feeding

voltage connected to the upper electrode of the discharge configuration.

The Stark polarization spectroscopy is based on the splitting of the He line at 492.2 nm

(41D → 21P ) and its forbidden counterpart. A polarization filter is used that blocks the

σ polarization but lets through the π polarization in order to analyze only the vertical

component of the electric field parallel to the discharge gap axis. Regarding the electric

field strength determination by the line-intensity ratio method, both the He singlet lines

at 667.8 nm (31D → 21P ) and 728.1 nm (31S → 21P ) and the He triplet lines at 587.5 nm

(33D → 23P ) and 706.5 nm (33S → 23P ) are considered. Here, instead of the polarization

filter, a color filter is placed within the optical path to avoid overlaps of the second-order

diffraction of the N2 Second Positive System (SPS) with the He lines of interest.

C.2 Stark polarization spectroscopy

The wavelength shift ∆λDF between the allowed transition He(41D → 21P ) and its for-

bidden counterpart He(41F → 21P ) is a direct measure of the electric field strength.

Therefore, the Stark polarization spectroscopy is used for the quantitative calibration

of the line-intensity ratio method that requires a collision-radiation model. In contrast

to both radiative states He(41D) and He(41F ), the He(21P ) state is barely shifted in

the presence of an electric field [172]. For the diffuse glow-like discharge in helium with

500 ppm nitrogen admixture, figure C.2 shows the time-resolved Stark spectra synchro-

nized with the discharge current Idis(t) for different axial distances ∆z to the cathodic

dielectric (∆z = 0). Note that the discharge gap width amounts to 3 mm. Each spectrum

is normalized by its emission maximum, and the allowed and forbidden components are
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C.2 Stark polarization spectroscopy

highlighted. Two aspects can be pointed out. Firstly, the optical emission develops from

the discharge volume towards the cathodic dielectric which indicates the propagation of

the cathode-directed ionizing front. Secondly, the Stark splitting between the allowed and

forbidden components as a direct measure of the electric field strength reaches its maxi-

mum at the cathodic dielectric. It reveals the cathode fall region at the moment of the

discharge current maximum. Thus, in agreement with the literature [62, 68–70, 172, 173],

the cathode fall region extends over a short distance of some 0.1 mm from the dielectric.
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Fig. C.2: Temporally resolved electric-field induced Stark splitting of He(41D → 21P ) at

492.19 nm and its forbidden counterpart at different axial distances to the cathodic dielectric

for the glow-like discharge driven by square-wave voltage (Ûext = 1.2 kV) in He with 500 ppm

N2 at a pressure of 1 bar. The spectra are synchronized with the discharge current Idis(t).

The wavelength profiles through the respective emission maximum of the spectra in fig-

ure C.2 are plotted in figure C.3(a). For a better distinction, the profiles measured at the

distances ∆z = (0.25−0.75) mm to the cathodic dielectric are vertically shifted. The profile

at the cathodic dielectric (∆z = 0) reveals a clear separation between allowed and forbid-

den components above the noise background. It is fitted by two superimposed Lorentzian

profiles (solid black line) assuming the same full width at half maximum for both compo-

nents. The wavelength shift ∆λDF between allowed and forbidden components allows the

calculation of the electric field strength E between values around (1− 100) kV/cm via the

functional dependency

E2[106 V2/cm2] = −58.557 + 18.116∆λDF + 3130.96∆λ2
DF + 815.6∆λDF∆λ3

DF, (C.1)
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taken from [172]. For the measured value of ∆λDF = 0.21 nm, the maximum of the electric

field strength at the cathodic dielectric amounts to 9.5 kV/cm. This maximum value is

comparable to the results obtained in [173] for similar discharge conditions. The electric-

field induced wavelength shift of both components is plotted in figure C.3(b) for the [0−0]

and [1− 1] transitions of the magnetic quantum number m. However, for both transitions

in m, the calculated curves for allowed and forbidden components are close to each other,

respectively. The small deviations are at least negligible compared to the uncertainty

resulting from the Lorentzian fit of the Stark splitting profiles. Moreover, the increasing

Stark splitting with rising electric field strength is clearly visible in the profiles in figure

C.3(a) when coming closer to the cathodic dielectric (∆z = 0 mm).
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Fig. C.3: Wavelength shift ∆λDF between electric-field induced Stark splitting of the allowed

transition He(41D → 21P ) and its forbidden counterpart He(41F → 21P ): (a) Wavelength

profiles through the emission maximum at different axial distances ∆z to the cathodic dielectric

according to figure C.2. (b) Calculated wavelength shift ∆λ for the allowed optical transition

and its forbidden counterpart as a function of the electric field strength E for two different

transitions of the magnetic quantum number m, taken from [172].

C.3 Line-intensity ratio method

Figure C.4(a) shows a time-integrated overview spectrum for the diffuse discharge oper-

ated in helium with 500 ppm nitrogen admixture. The spectrum includes the He singlet

lines at 667.8 nm and 728.1 nm as well as the He triplet lines at 587.5 nm and 706.5 nm,

which allow to determine the electric field strength within the discharge volume based on

the respective line-intensity ratio. Beyond, atomic lines as well as molecular bands can be

identified, which originate from nitrogen admixtures and always present gas impurities.

Here, the color filter was absent wherefore the second-order diffraction of the N2 SPS band

emission partially overlaps with the He lines. Typically, the spectrum reveals also the He2

band emission at around 640 nm and the Hα line at around 656 nm.

Figure C.4(b) is a sketch of the energy diagram for para helium (singlet states) and

ortho helium (triplet states), wherein the measured optical transitions are highlighted.

As the population of the resonantly excited states via electron impact from the ground

state requires comparatively high excitation energies around 23 eV, these optical transi-
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tions indicate high electric field strengths. However, this statement is true as long as the

stepwise excitation via helium metastable states is negligible. Under the experimental con-

ditions studied, the atomic metastable He(21S) singlet and He(23S) triplet states, higher

energetically excited He∗ states, as well as the molecular metastable He2(a3Σ+
u ) state are

effectively quenched via Penning ionization of nitrogen admixtures. Thus, at low effec-

tive lifetimes of metastable states, the stepwise excitation sequence via electron impact

is naturally unlikely in barrier discharges, as the ionization degree is very low reaching

maximum values of 10−7 in case of a filamentary discharge. Finally, there is a much more

effective conversion of the metastable He(21S) singlet state to the less energetic metastable

He(23S) triplet state than vice versa, wherefore the He(21S) population is depleted. That

is why the intensity ratio of He singlet lines is preferably used to determine electric field

strengths. However, as obvious in the overview spectrum, the He triplet lines are more

intensive and thus allow a better relative resolution of their line-intensity ratio.

n = 2

n = 4

para helium ortho helium

n = 1

1S 1P 1D 1F 3S 3P 3D 3F

n = 3
66

7.
8 

nm

728.1 nm

706.6 nm 58
7.

5 
nm

singlet triplet

ionization energy
1

(a)

0.8

0

0.6

0.4

0.2

600 620 640 660 680 700 720
wavelength [nm]

no
rm

al
iz

ed
 in

te
ns

ity
 [

1]

25
(b)

24

0

23

22

21

en
er

gy
 [

eV
]

20

He 1
33D - 23P

He 1
31D - 21P He 1

31S - 21P

He 1
33S - 23P

He + 500 ppm N2

Uext = 1.2 kV

Fig. C.4: He singlet lines and He triplet lines of interest: (a) Overview spectrum for the diffuse
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of 1.2 kV. (b) Sketch of the energy diagram for para helium and ortho helium.

Again for the diffuse discharge in helium with 500 ppm nitrogen admixture, figure C.5

depicts the spatio-temporal evolution of (a) the He singlet line emission at 667.8 nm and

728.1 nm as well as their intensity ratio I667.8/I728.1, and (b) the He triplet line emission

at 587.5 nm and 706.5 nm as well as their intensity ratio I587.5/I706.5 synchronized with

the applied voltage Uext(t), the gap voltage Ugap(t), and the discharge current Idis(t). In

general, all optical transitions show the similar spatio-temporal development: (i) Townsend

pre-phase indicated by low emission maximum in front of the anode, (ii) cathode-directed

propagation of the ionization front, (iii) negative glow in front of the cathodic dielectric

followed by Faraday dark space and positive column when the current maximum is reached,

and (iv) long-lasting discharge afterglow. This sequence is characteristic for the glow-like

barrier discharge that is typically operated in helium. Note that the logarithmic intensity

scale extends over more than five orders of magnitude. The high sensitivity allows us to

resolve the intensity ratios I667.8/I728.1 and I587.5/I706.5 over the entire gas gap during the

discharge breakdown. This is a new qualitative level for experimental investigations of

the barrier discharge in helium producing comparatively low optical emission. However,
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during the discharge pre-phase and post-phase, the line-intensity ratios are dominated by

noise, and therefore not evaluable and set to zero. Especially, both line-intensity ratios

are high in the course of the cathode-directed ionization front, and reach their maximum

within a few 0.1 mm extended region in front of the cathodic dielectric.
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Fig. C.5: Spatio-temporal evolution of (a) He singlet and (b) He triplet line emission for

the diffuse discharge in He with 500 ppm N2 admixture driven by square-wave voltage at the

amplitude of 1.2 kV. For reference, the applied voltage Uext(t), the gap voltage Ugap(t), and

the discharge current Idis(t) are plotted. Also, the line-intensity ratio is depicted for the optical

singlet and triplet transitions, wherein noise-dominated regions are set to zero.

Assuming that the effective lifetimes of the resonantly excited states are short compared

to the (sub-)microsecond scale of the discharge, the simple line-intensity ratio is a measure

of the electric field strength. Hence, it indicates the formation of significant space charge

increasing towards the cathodic dielectric and ending up in the typical cathode fall region.

To quantify the electric field strength E based on the spatio-temporal evolution of the

line-intensity ratios Ii→j/Ik→l, the measured optical transitions must be correlated with

the spontaneous de-excitation kinetics

Ii→j(E)

Ik→l(E)
=

vi→jAi→jNi(E)

vk→lAk→lNk(E)
. (C.2)

Here, vi→j and vk→l are the transition frequencies, Ai→j and Ak→l denote the transition

probabilities, and Ni(E) and Nk(E) are the densities of the resonantly excited states. By

division of the intensities, the unknown electron density at a given coordinate and time

is canceled out. To obtain the densities of the radiative states Ni(E) and Nk(E), the
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balance equations considering all relevant populating and depopulating processes must be

solved. This was done in [173] for the He singlet line emission at 667.8 nm (31D → 21P )

and 728.1 nm (31S → 21P ) based on a collision-radiation model including He levels up

to the quantum number n = 4. Besides direct electron-impact excitation of the radiative

states He(31D) and He(31S) as well as their population by spontaneous emission from

energetically higher levels, especially the excitation from the metastable He(21S) state was

included in the calculations. Also, depopulation by associative ionization is considered as

well as spontaneous emission resulting in the measured line intensities.
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Fig. C.6: Electric field determination from the intensity ratio of the He singlet line emission

at 667.8 nm and 728.1 nm: (a) Calculated dependence of the intensity ratio I667.8/I728.1 on

the electric field strength E for different metastable He(21S) densities, taken from [173]. (b)

Applied voltage Uext(t), gap voltage Ugap(t), discharge current Idis(t) (top) and recalculated

spatio-temporal development of the electric field strength E (bottom) for the diffuse glow-like

discharge driven by square-wave voltage (Ûext = 1.2 kV) in He with 500 ppm N2 admixture.

In figure C.6(a), the calculated dependence of the intensity ratio I667.8/I728.1 on the

electric field strength E is plotted for three different metastable He(21S) densities, taken

from [173]. For low electric field strength around 2 kV/cm, the calculated ratio I667.8/I728.1

has a minimum that depends on the metastables’ density. Thus, the measured intensity

ratios are misinterpreted at lower E values, wherefore this minimum defines the resolution

limit. However, for electric field strengths larger than about 3 kV/cm, the intensity ratio

I667.8/I728.1 increases monotonously independent of the regarded metastables’ densities.

As reported in [173], the fitted trend yields the interrelation

E/(kVcm−1) = 2.224− 20.18R+ 45.07R2 − 19.98R3 + 3.369R4, (C.3)

wherein R is the intensity ratio. Note that equation (C.2) assumes that both intensities

are detected with the same spectral sensitivity O(λ) of the optical setup. Actually, a

comparison of the maximum electric field strength obtained from the line-intensity ratio

method with the results obtained from stark splitting in section C.2 reveals a relative

sensitivity of about O667.8/O728.1 ≈ 2.5. Thus, the measured intensity ratio is divided

by this relative sensitivity defining R ≡ I667.8O728.1/(I728.1O667.8). Figure C.6(b) shows

the spatio-temporal evolution of the electric field strength E recalculated with equation

(C.3) from the intensity ratio I667.8/I728.1. Again, E is set to zero during the discharge
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pre-phase and post-phase, as the measured line intensities are noise-dominated at these

times. But during the discharge breakdown, the electric field strength increases towards

the cathode in correlation with the ionizing front, and reaches its maximum of about

9.5 kV/cm at the dielectric boundary indicating the cathode fall region. Note that the

averaged (homogeneous) electric field across the gas gap is about 4 kV/cm estimated from

the maximum gap voltage Ugap(t) plotted in figure C.6(b) above. The comparatively high

values of the recalculated electric field strength within the positive column near to the

anodic dielectric and during the afterglow at the cathodic dielectric might result from

misinterpretation of the intensity ratio for actually very low electric field strengths, or

from neglecting different effective lifetimes of both resonantly excited states.

0

1

2

0

10

U
 [

kV
]

I 
[m

A
]

Idis(t) Ugap(t)

Uext(t)

0

1

2

z 
[m

m
]

3 100

10-1

10-2

10-3

In
t. 

[a
.u

.]

+

-

0

1

2

z 
[m

m
]

3 100

10-1

10-2 In
t. 

[a
.u

.]

+

-
54 6 7 8

time [µs]

He I
667.8 nm

He I
728.1 nm

0

1

2

z 
[m

m
]

3

He I
667.8 nm/
728.1 nm

+

-

10

I 5
87

.5
/I

70
6.

5 
[1

]

5

0

1

2

z 
[m

m
]

3 +

-

E
 [

kV
/c

m
]

80

0

5

3

0

1

2

0

10

U
 [

kV
]

I 
[m

A
]

5

3

15

20

60

40

20

54 6 7 8

time [µs]

Fig. C.7: Spatio-temporal evolution of He line emission at 667.8 nm and 728.1 nm, line-

intensity ratio I667.8/I728.1, and electric field strength E calculated from the corrected intensity

ratio R ≡ I667.8O728.1/(I728.1O667.8) for a single self-stabilized discharge filament driven by

square-wave voltage (Ûext = 2.5 kV) in He with 10 vol.% N2 admixture at a pressure of 1 bar.

Following the same procedure as discussed for the diffuse glow-like discharge, figure C.7

shows the spatio-temporal development of the He line emission at 667.8 nm and 728.1 nm,

the corresponding intensity ratio I667.8/I728.1, and the electric field strength E synchro-

nized with the applied voltage Uext(t), gap voltage Ugap(t), and discharge current Idis(t)

for a self-stabilized discharge filament in helium with 10 vol.% nitrogen admixture. Both

optical emission pattern reveal the same discharge development: (i) a Townsend pre-phase

on the microsecond time scale followed by (ii) the fast propagation of the cathode-directed

ionizing front within some nanoseconds, which is comparable to the streamer breakdown,

(iii) negative glow followed by Faraday dark space, positive column and anode glow during

the discharge current maximum, and (iv) long-lasting discharge afterglow in the center of

the gas gap as well as at the dielectric boundaries. The latter indicates radially propagat-

ing surface discharges on the dielectrics. Note that both He lines have a global emission

maximum at the anodic dielectric. In contrast, the line-intensity ratio I667.8/I728.1 has its
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C.3 Line-intensity ratio method

global maximum in front of the cathodic dielectric and a significantly less intensive local

maximum in front of the anodic dielectric.

Again, the electric field strength is recalculated according to equation (C.3) from the

corrected line-intensity ratio R ≡ I667.8O728.1/(I728.1O667.8). Since equation (C.3) is only

appropriate for electric field strengths less than around 40 kV/cm [173], the R(E) depen-

dence in figure C.6(a) was linearly extrapolated in order to estimate higher E values. The

noise-dominated parts are not evaluable and thus set to zero. During the late discharge

pre-phase, a positive space charge is build up in front of the anodic dielectric and finally

increases towards the cathode. This is the beginning of the discharge breakdown charac-

terized by the fast cathode-directed ionizing front. The latter propagates within a time

frame shorter than the temporal resolution that is mainly limited by the jitter of the dis-

charge. Subsequently, the maximum electric field strength around 85 kV/cm is reached

at a less extended region in front of the cathodic dielectric indicating the cathode fall

region. An averaged value of the (homogeneous) electric field strength across the gas gap

of about 10 kV/cm can be estimated from the maximum gap voltage plotted in figure C.7

above. Since the actual trend of R(E) in figure C.6(a) for higher E values than depicted

will indeed differ from the linear extrapolation rather than, vice versa, E(R) increases

according to R2, the actual global maximum will be larger than 100 kV/cm. This could

be examined by stark spectroscopy, which has not yet been done. Note that a maximum

electric field strength of about 80 kV/cm is measured during the microdischarge devel-

opment in air operated inside a gas gap of 1 mm between semi-spherical electrodes [38].

Besides, this optical measurement does not distinguish between axial and radial electric

field components. Hence, the long-lasting global and local maximums at both dielectrics

indicate high radial electric field components, which are attenuated by the subsequent

surface discharges during the afterglow.
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bereits meine Masterarbeit betreut hatten und in Rente gegangen waren. Die Herzlichkeit,

Offenheit und Wertschätzung, die ich erfahren durfte, bedeuten mir viel. Sie waren immer

ein Lehrer für mich. Ich habe versucht, Ihre Meinung und Erfahrung aufzusaugen. Jeder

junge Mensch ist immer wieder auf Personen angewiesen, die ihn sprichtwörtlich an die
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