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Introduction and objectives

Barrier discharges are one of the most common discharge types in industrial applications, typically used
for ozone synthesis, surface treatment or pollution control. Their advantages are mainly the feasibility
to work at atmospheric pressure without vacuum techniques and their good scalability from laboratory
sizes to major industrial facilities [1–4]. The name barrier discharge implies the application of at least
one dielectric barrier between the electrodes. The barrier prevents an unlimited directed discharge current
between both electrodes due to an accumulation of surface charges at the dielectric barrier. These surface
charges reduce the electric field in the gap and retard the discharge until it expires. The typical operation
mode is characterised by several randomly distributed microdischarges with a diameter below 1 mm and
a duration in the order of nanoseconds. The microdischarges look like thin filaments, wherefore this
operation mode is called filamentary mode. Under certain conditions, a laterally homogeneous discharge
is achieved, occupying the whole volume as in low pressure plasmas. Such a diffuse barrier discharge
develops in pure nitrogen when applying a sinusoidal voltage. Adding only 500 ppm oxygen to nitrogen,
the diffuse discharge mode changes to the ordinary filamentary mode [5, 6]. The accepted explanation
for this change is the strong de-excitation of the metastable N2(A3Σ+

u ) molecule by oxygen. Despite
the undoubted important role of the metastable molecule, the actual process has not yet been identified.
Mostly, a release of electrons by metastables from the charged dielectric surface is discussed [7–10].
This process provides additional charge carriers and reduces the required electric field for breakdown.

To study the importance of the secondary electron emission by metastables quantitatively, a measure-
ment of the metastables and the surface charges under equal conditions is necessary. Therefore, within
the framework of project B11 "Discharge development at atmospheric pressure: relevant surface- and
volume processes" of the Collaborative Research Centre TRR24 "Fundamentals of Complex Plasmas",
a new discharge configuration is developed which enables the determination of both quantities in com-
parison to the discharge development under equal conditions. In this part of the project, the absolute
density of N2(A3Σ+

u ) metastables is analysed temporally and spatially resolved using single photon laser-
induced fluorescence spectroscopy in comparison with Rayleigh scattering measurements. In a second
part, the surface charge measurement is performed in an identical discharge configuration and bases on
the electro-optic Pockels Effect [11, 12]. It enables the determination of the electric field across a bire-
fringent crystal by the analysis of the transmitted light which changes its polarisation direction depending
on the electric field. From this electrical field the surface charge on the dielectric is calculated. For both
discharge configurations, the discharge development is recorded by electrical measurements and time
resolved optical emission spectroscopy, e.g., cross-correlation spectroscopy.

The major challenge of this work is the absolute density determination of the metastable
N2(A3Σ+

u , v = 0) molecule in barrier discharges at atmospheric pressure. Due to the small dimensions
of the discharge and the large pressure, optical diagnostics are necessary. The first approach is always
optical emission spectroscopy, but because of the missing radiation of metastables, a complicated model
would be necessary. Hence, laser assisted diagnostics are applied, which use transitions from metasta-
bles to higher optically active states. From the measurement of the absorbed light (laser absorption
spectroscopy, LAS) or the resulting fluorescence (laser-induced fluorescence, LIF) one can determine
the metastables density.

For the A3Σ+
u , v = 0 state, the only accessible transitions in the visible spectrum are within the first

positive system of nitrogen (FPS, A3Σ+
u ↔ B3Πg). Unfortunately, the transition probabilities are very
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low (∼ 104 s−1) and the quenching of the excited states is large at atmospheric pressure. As a conse-
quence, only few excited states relax to a lower level by emitting a photon (∼ 10−4), most of the states
de-excite by collisions. Hence, only few research groups determined successfully the A3Σ+

u density at
atmospheric pressure in recent years. The first success was based on an improved laser-induced fluo-
rescence spectroscopy (LIF), called optical-optical double resonance LIF [7]. This method enhances the
fluorescence yield to about 10−2 by an additional laser-induced transition to the C3Πu state. The tradi-
tional LIF scheme was used in [13, 14] for the investigation of a positive corona discharge within a large
gap of 12 mm, which was sufficiently large to use a broadened laser beam. The LAS technique was ap-
plied in nanosecond pulsed discharges between metal electrodes by cavity ring-down spectroscopy [15].
Besides the difficulties caused by the large pressure, the absolute density calibration is the most chal-
lenging part. One possibility is the comparison of the LIF signal with Rayleigh scattering. This method
was only applied at low pressure discharges by now [16–18], but is extended to atmospheric pressures
in this work. It avoids the determination of the detection volume and geometry of the detection system
when measuring both signals at equal conditions. Unknown quantities as the laser beam width or the
detection solid angles cancel out. Another advantage of this method is the opportunity to measure the
effective lifetime of the excited state. The latter is important to calculate the fluorescence yield, which is
necessary for the absolute density calibration.

At atmospheric pressure, the application of the LIF diagnostics itself and the calibration procedure
have to be carefully implemented, therefore these diagnostics are developed stepwise. The starting
point is the application of the LIF spectroscopy to the well known capacitively coupled radio-frequency
(CCRF) discharge as in [16–18], but at moderate pressures from 40 Pa to 1000 Pa. The measurement
setup is extended to measure time dependent LIF and Rayleigh signals for the determination of the ef-
fective lifetime of the laser excited B3Πg state. Axial density scans and parameter studies are performed
to estimate their influence on the LIF signal and the calibration factors. Furthermore, the measurements
provide a better insight in the loss processes of the metastables at intermediate pressures.

Afterwards, the CCRF discharge is replaced by the new designed barrier discharge configuration.
This implies a new arrangement of the laser beam path enabling a variation of the laser beam position
with respect to the fixed discharge configuration. Another challenge is the further development of the
calibration procedure to atmospheric pressure. In particular, the determination of the effective lifetime
requires an improvement of the temporal resolution of the detection system.

The temporally and spatially resolved analysis of metastables density starts with the investigation of
the filamentary mode. These measurements are performed in an asymmetric discharge configuration with
a pin-like electrode on top and a plane electrode at the bottom. This configuration allows to investigate
the time dependence of metastables in the afterglow of single microdischarges and the estimation of the
peak densities in the microdischarge channel. The discussion is supported quantitatively by simulations
of the metastables density in time and space.

For the characterisation of the diffuse discharge mode, a discharge configuration consisting of two
plane electrodes is applied. It enables the comparison with surface charge measurements and optical
emission spectroscopy performed in the identical discharge configuration [19–21]. To figure out the
production and depletion processes of the metastables, the applied voltage and gas flow rate are varied.
Furthermore, a simulation of the metastables depletion in the discharge afterglow and a simulation of
the metastables behaviour during one voltage cycle are done for the comparison with measured data.
These simulations enable the calculation of the metastables flow to the dielectrics before and during one
discharge pulse. In combination with recently calculated coefficients for the secondary electron emis-
sion by nitrogen metastables [22, 23], the current of caused by these secondary electrons is determined
and compared to the discharge current to estimate the influence of the secondary electron emission by
metastables on the discharge development.
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1 Basics

1.1 Atmospheric pressure barrier discharge

The study subjects of this work are dielectric barrier discharges at atmospheric pressure. Gas discharges
at atmospheric pressure have the enormous advantage of the missing vacuum system and allow a contin-
uous in-line process management without evacuation. Besides, some processes, e.g., the excimer gener-
ation in UV lamps or the formation of ozone, require the numerous collisions at atmospheric pressure,
in particular three body collisions. As a consequence of the larger pressure, the ignition voltage must
be high or the distance between the electrodes small (Paschen’s-law). For a typical electrode distance
of 1 mm, the applied voltage must be several thousands of volts to ignite a discharge in air. Using bare
metal electrodes, this high voltage can cause a transition to arc discharges with a large gas temperature.
To avoid this transition, the current can be limited by an external resistor or by dielectric barriers between
the electrodes. The latter solution is called a dielectric barrier discharge, or just barrier discharge. During
the breakdown, the transported charge accumulates on the dielectric and forms an electric field inverse to
the external one. The resulting field becomes too low and the discharge extinguishes. To reignite the dis-
charge, the direction of the applied voltage must be changed. Hence, an alternating voltage is required,
typically a sinusoidal one between the power line frequency and several kilovolts.

The first reported and still most important application of barrier discharges is the ozone generation
[1, 2]. Besides the large collision frequency, it takes advantage of the low gas temperature in a barrier
discharge. Due to the temporary current pulses in a barrier discharge and the missing transition to a
thermal discharge, the gas temperature remains low during the operation [24–28]. A low gas temperature
is also important for surface treatment of polymer films, e.g., foils, because it avoids the destruction of
the polymer film. Further applications of barrier discharges are plasma display panels, since it is easy to
build a transparent electrode on a transparent dielectric like glass.

Regarding the application, different geometries of barrier discharges were developed. In this work,
the focus is on the planar barrier discharge, consisting in principle of a parallel-plate capacitor with one
dielectric in front of each electrode.

1.1.1 Filamentary mode

In contrast to low pressure discharges, barrier discharges at atmospheric pressure are typically inhomo-
geneous in the lateral direction. Several short microdischarges are randomly ignited in space and time.
These microdischarge look like thin filaments in-between the dielectrics, which causes the termina fil-
amentary mode or filamentary barrier discharge. Due to the memory effect caused by surface charges,
subsequent microdischarges prefer to ignite at the same position [21]. Each single microdischarge ignites
independently from the others and can be treated as an individual discharge.

Single microdischarge

The breakdown of a single microdischarge is divided into several stages [29–33]. The first stage is a
pre-phase with a build up of space charges. As in every gas gap with an applied voltage, some externally
freed electrons are accelerated in the electric field and are able to free further electrons by electron
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1. Basics

impact ionisation if the electric field is large enough. Since the mean free path of electrons is clearly
smaller than the gap width of the discharge configuration, one electron is able to ionise several times
on its way to the anode (Townsend mechanism). As a result, an electron avalanche is build up with an
exponential increase in electron density towards the anode. When arriving at the dielectric in front of
the anode, the electrons cannot move further and accumulate on the dielectric surface. The generated
positive ions in the gap drift to the cathode. Since most of the them are created nearby the anode and
because of their lower mobility in comparison to the electrons, a positive space charge forms in front of
the anode. At the edge between the positive space charge and the remaining discharge gap, the external
electric field is enhanced. As a result, the electrons gain more energy between their collisions with
the background gas and the ionisation processes are accelerated. The density of positive ions increases
further at this positions and the edge of the positive space charge moves towards the cathode. This
so-called ionisation front accelerates on its way to the cathode as visualised in figure 1.1 (a) by the
reduced electric field strength E/n. The field strength increases firstly at the anode and propagates
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Figure 1.1: Temporally and spatially resolved reduced electric field strength and relative electron density
of one single microdischarge, measured by cross-correlation spectroscopy in synthetic air.
[29, 34]

with an increase in velocity towards the cathode. Behind the ionisation front, that means between the
ionisation front and the anode, the electric field is much lower. The released electrons in the ionisation
front propagate in this lower electric field towards the anode. On their way, the electrons undergo further
electron impact collisions, wherefore the electron density increases towards the anode as visible in figure
1.1 (b). This larger electron density causes an increase in the optical emission of the second positive
system (SPS, N2(C3Πu → N2(B3Πg)) towards the anode [5, 29]. In contrast, the optical emission of the
first negative system (FNS, N+

2 (B3Σ+
u )→ N+

2 (X2Σ+
g )) has its maximum in front of the cathode, where the

electric field is large enough to provide the large energies for the excitation of the N+
2 ion [5, 29].

4



1.1 Atmospheric pressure barrier discharge

1.1.2 Diffuse mode

Besides the filamentary mode, a so-called diffuse discharge mode with a homogeneous optical emission
in the lateral direction exists for special discharge parameters [8, 9, 35–40]. Its appearance depends
on the discharge geometry, the feeding gases and the applied voltage. The discharge starts as for the
filamentary mode with the Townsend mechanism. The externally freed electrons move to the anode and
cause an increase in electron density towards the anode. In contrast to the single microdischarge, no
ionisation front with a locally enhanced electric field develops. The actual reason depends strongly on
the feeding gas, since elementary processes play a key role. Many of them are addressed to metastable
states, whose meaning for diffuse discharges is discussed in the next section. The two mostly investigated
diffuse discharges are the ones in pure nitrogen and in pure helium. Both were compared and partially
simulated in [10, 37, 39, 41–43]. The axially resolved electric field, the ion and electron density during
the discharge pulse are shown in figure 1.2 for both situations for a diffuse discharge in pure nitrogen in
(a) and for pure helium in (b).

anode cathode anode cathode

(a) pure nitrogen, Townsend-like (b) pure helium, glow-like

Figure 1.2: Axial profiles of the electric field, the ion density and the electron density in diffuse barrier
discharges in (a) nitrogen and (b) helium [37].

In the case of pure nitrogen in (a), the electron density increases exponentially towards the anode. The
ion density is much larger, but nearly constant in the gap. As well, the external electric field is nearly
constant, since the ion density is not large enough to disturb the external electric field significantly. This
situation equals the situation of a Townsend-discharge at low pressure, wherefore it is called atmospheric
pressure Townsend discharge (APTD) or Townsend-like discharge [37, 41]. In pure helium in figure
1.2 (b), the profiles are different. In a large part of the gap, the electron and ion density are nearly the
same as in a plasma. In this area, the electric field is low. Only in front of the cathode both densities
are different and a positive space charge in front of the cathode with a large electric fields develops.
This behaviour corresponds to a glow discharge at low pressure and is called atmospheric pressure glow
discharge (APGD) or glow-like discharge [37, 42]. The spatial distributions of the optical emission are
shown in figure 1.3 (a) and (b) for pure helium and nitrogen, respectively. The emission maximum of the
helium discharge is in front of the cathode, because of the large electric field there. A dark area follows
in the centre of the gap and in front of the anode a wide area with a lower intensity is found. This region
is similar to the positive column in a low pressure glow discharge. In nitrogen, the intensity increases
exponentially towards the anode as the electron density [6, 39]. The time dependent discharge current
of both discharges is presented in figure 1.3 (c). For the glow-like discharge in helium, the discharge
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helium

nitrogen

(c)

Figure 1.3: Comparison of the optical emission during one discharge pulse of the diffuse mode in
(a) helium and (b) nitrogen and (c) comparison of the corresponding discharge currents [37].

current is much larger, but afterwards the current decreases very fast. In nitrogen, the current pulse has a
lower maximum but lasts longer.

1.1.3 The role of metastables

As written in the previous section, the appearance of a diffuse discharge mode is closely connected
to elementary processes. The experimental investigations of the diffuse discharges in pure nitrogen
and helium suggest that in particular metastable atoms or molecules are involved in these elementary
processes. Adding only about 500 ppm oxygen to nitrogen or few percent of nitrogen to helium, a
transition to the filamentary mode occurs. The transition from the diffuse mode in pure nitrogen to
the filamentary mode in nitrogen oxygen mixtures is correlated to the large quenching of N2(A3Σ+

u )
metastables by oxygen, which is at least ten times faster than by nitrogen itself [44]. In the case of helium,
optical emission spectroscopy shows that there is an effective Penning process of helium metastables with
nitrogen molecules [21]:

Hem + N2(X)→ N+
2 (B) + He + e. (1.1)

Hence, this pre-ionisation might enhance the formation of a laterally homogeneous discharge. Such a
Penning process is also known in pure nitrogen, including other excited nitrogen states [41]:

N2(A) + N2(a)→ N+
4 + e. (1.2)

This process increases the ionisation rate during the discharge and can have influence in the homogeni-
sation. To have influence on the discharge ignition, the excited states have to survive in the afterglow of
the discharge. This is not the case for the N2(a) state, which is heavily quenched by nitrogen molecules.
Hence, process (1.2) cannot be responsible for the homogenisation during the discharge ignition. Another
possibility are reactions of the N2(A) metastable molecule with the surface, in particular the secondary
electron emission from the charged dielectric surfaces might play a role:

N2(A) + charged surface
γSEE

A→ N2(X) + efree. (1.3)
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1.2 Detection of N2(A3Σ+
u ) metastables

During the discharge pulse, the electrons accumulate at the anode, which becomes the cathode in the
next half cycle. If metastables are present at the beginning of the subsequent discharge pulse, they might
provide their energy to release one of these electrons from the charged surface. Therefore, recent theoret-
ical calculations were performed to describe the actual process and to figure out an absolute value of the
secondary electron emission coefficient γSEE

A [22, 23, 45]. The latter is the ratio of the released electrons
to the incoming metastables and amounts to γSEE

A = 0.15 . . . 0.2 . The investigations showed that the
most probable process is the formation of an intermediate negative ion releasing the electrons afterwards
in the volume. Furthermore, the formation of the negative ion takes place by the use of an electron from
the valence band of the dielectric. Hence, the amount of surface charges is probably unimportant for the
secondary electron emission by metastables. To calculate the entire secondary electron emission rate, the
density of N2(A3Σ+

u ) metastables must be known.

1.2 Detection of N2(A3Σ+
u ) metastables

To figure out the actual process responsible for the occurrence of the diffuse mode in pure nitrogen,
the absolute density of the N2(A3Σ+

u ) molecule must be known. In this work, the measurement of the
N2(A3Σ+

u ) metastables density is performed by laser-induced fluorescence spectroscopy. It makes use of
the optical transitions between the several states of the nitrogen molecule. To give an overview of the
optical transitions between the states of the nitrogen molecule, its potential curves and the corresponding
states are presented in the following section.

1.2.1 States of the nitrogen molecule

The nitrogen molecule consists of two nitrogen atoms and its ground state X1Σ+
g is characterised by a

triple bond. Hence, it is very stable and chemically inert. Nevertheless, a large number of excited states
exist which are shown in figure 1.4. The first excited state is the metastable A3Σ+

u state having an energy

Figure 1.4: Potential energy curves for the states of the nitrogen molecule. [46]
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1. Basics

of more than 6 eV with respect to the ground state. Due to the small Franck-Condon factor and the triplet
character of the A3Σ+

u state, the optical transition to the ground state is improbable and the metastable
state has a radiative lifetime larger than a second [47, 48]. Above the A3Σ+

u metastable state, several other
singlet and triplet states exist. Of peculiar interest are the B3Πg and the C3Πu states, because they are
optically connected to the A3Σ+

u state by the first positive system

B3Πg → A3Σ+
u + hν (1.4)

and to each other by the second positive system

C3Πu → B3Πg + hν. (1.5)

These two systems dominate the optical spectrum of a discharge in pure nitrogen and are accessible by
laser diagnostics. Next to these triplet states, several other states exist which show no optical emission
or only transitions in the infra-red spectrum. These states are populated by electron impact excitation or
collisional energy transfers. For instance, the W3Σu state has nearly the same energy as the B3Πg state
and both states are collisionally coupled to each other. Hence, there exists a fast energy transfer due to
collisions from the B3Πg to the W3Σu state and the other way around [49–51].

1.2.2 Laser-induced fluorescence spectroscopy

As known, a low temperature plasma in laboratory emits light from excited atoms or molecules. The
measurement of this optical emission allows the determination of the density of the excited species. For
the detection of metastables or ground state atoms, this method fails, cause both species emit nearly no
light. But in most cases optical transitions to higher states exist, which is accessed by external laser
photons. This effect is used for absorption spectroscopy, where laser light is absorbed by the plasma
depending on the laser wavelength. The density of the metastables or ground state atoms is proportional
to the decrease in laser intensity. The disadvantage of this method is the low absorption rate, requiring
a large absorption length and a sensitive detection system. Furthermore, the result is a line integrated
density. The next step is therefore to observe the behaviour of the molecule which absorbed the photon.
The most probable subsequent process is fluorescence, the emission of another photon from the excited
state. The fluorescence intensity is proportional to the density of the metastable state and the laser
intensity. Knowing the ratio of the fluorescence to the laser intensity, one can calculate the density of
the metastables, which is the principle of single photon laser-induced fluorescence spectroscopy (LIF).
It is shown in figure 1.5 (a). Single photon LIF spectroscopy works if the energy difference between the
state of interest and the excited state is below 4 eV and if the excited state has an optical transition to
a lower one. If the state of interest is an atom in its ground state, the energy gap between the ground
state and an fluorescing state is mostly larger than 4 eV. Therefore, one laser photon is not sufficient for
excitation. The solution is the so called two-photon absorption laser-induced fluorescence spectroscopy
(TALIF) [52–56] shown in figure 1.5 (b). It makes use of two equal photons in a simultaneous absorption
process to excite the above state. Afterwards, the fluorescence is the same as in the single photon LIF
scheme. The fluorescence is proportional to the density of the atom as for the single photon LIF, but
in contrast, proportional to the squared laser energy. Another problem occurs if the excited state has
a very low radiative lifetime, that means it tends to loose its excitation energy by collisions before it
radiates. Sometimes, most of the energy is transferred to another excited state, and its fluorescence can
be measured. Laser collisional induced fluorescence (LCIF) [57–61] (figure 1.5 (c)) takes advantage of
this energy transfer. The measured fluorescence is again proportional to the density of the interesting
state, but the conversion rate from the laser excited state to the fluorescing state must be known. This
method can be used for other quantities as well. For example, if the transition from the laser excited state
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Figure 1.5: Schemes of (a) single photon laser-induced fluorescence (LIF), (b) two-photon absorption
laser-induced fluorescence (TALIF) and (c) laser-collisional-induced fluorescence (LCIF)
spectroscopy.

to the fluorescing state is dominated by electron impact, the density and energy distribution of electrons
can be measured [59, 62].

The detection of the metastable N2(A3Σ+
u ) molecule in atmospheric pressure discharges by LIF suc-

ceeded for the first time in 2007. The most obvious attempt would be the laser-induced excitation of the
B3Πg state via the first positive system in equation (1.4) and the observation of the subsequent fluores-
cence of the backward transition. This LIF scheme is shown in figure 1.6 (a) and was applied several
times in low pressure discharges [17, 18, 63–65]. The application of this excitation scheme to atmo-
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Figure 1.6: (a) The traditional LIF scheme and (b) the advanced optical-optical double resonance LIF
scheme for the detection of N2(A3Σ+

u ).

spheric pressure is difficult, because the excited B3Πg state undergoes a lot of collisions with the back-
ground gas and becomes de-excitated. This collisional quenching is about 103 to 104 times larger than
the rate for radiative transitions, wherefore most of the excited states get lost before they emit detectable
light. Dilecce et al. [7, 66–70] were aware of this problem and developed an enhanced experiment using
two lasers for two successive optical transitions, called optical-optical double resonance-LIF (OODR-
LIF) (figure 1.6 (b)). Besides the transition via the first positive system induced by a first laser, a second
one induced a subsequent transition from the B3Πg state to the C3Πu state via the second positive sys-
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tem. The C3Πu state has a radiative lifetime comparable to its effective lifetime at atmospheric pressure.
Hence, the fluorescence yield is in the range of 10−2 and two orders of magnitude larger than for the con-
ventional LIF scheme. The absolute density calibration was performed by a comparison of the second
positive system of nitrogen with the NOγ system. The second positive system is excited by the pooling
reaction

N2(A3Σ+
u ) + N2(A3Σ+

u )→ N2(C3Πu) + N2(X1Σg) (1.6)

and the NOγ transition by an energy transfer from nitrogen metastables:

N2(A3Σ+
u ) + NO(X2Π)→ N2(X1Σg) + NO(A2Σ+). (1.7)

This method was applied in volume barrier discharges [7, 71] and surface barrier discharges [72–74].
Besides the enhanced OODR-LIF spectroscopy, the traditional single photon LIF scheme using the first
positive system was applied in recent years for the investigation of positive corona discharges at atmo-
spheric pressure [13, 14]. The large distance of the electrodes of 12 mm allowed to use a broad laser
beam to get a sufficient fluorescence signal. The absolute density calibration was performed by an anal-
ysis of the time dependent metastables density. Assuming the pooling reaction in equation (1.6) and the
other pooling channel

N2(A3Σ+
u ) + N2(A3Σ+

u )→ N2(B3Πg) + N2(X1Σg) (1.8)

to be the dominant loss processes for the metastable state, the temporal decrease in LIF intensity can
be described by a hyperbola. From the slope of the hyperbola, the absolute metastables density was
calculated.
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2 Experimental setup

The experimental apparatus is divided in the investigated discharge configurations and the applied di-
agnostics. Hence, this chapter starts with the presentation of the capacitively coupled radio-frequency
(CCRF) discharge and the barrier discharge. The latter had two modifications, one to investigate the
filamentary discharge mode and one for the diffuse mode. The main diagnostic was the laser-induced
fluorescence (LIF) spectroscopy for the detection of the metastable N2(A3Σ+

u , v = 0) molecule. Its char-
acterisation begins with the properties of the laser itself and ends with the handling of the recorded LIF
signals. Besides the LIF, electrical measurements and optical emission spectroscopy were applied and
are briefly introduced in this chapter.

2.1 Discharge setup

2.1.1 Vacuum chamber and gas supply

As mentioned, two different discharge types, the low pressure capacitively radio-frequency discharge
and the barrier discharge, were investigated. For both discharges, the vacuum chamber was the same.
It was made from stainless steel and had a cylindrical shape with 300 mm in diameter and a height of
500 mm. Before experimentation, the chamber was evacuated by a turbopump (Pfeiffer Vacuum, TMU-
260, booster pump: LABOVACr PK 8 D) to a base pressure below 10−4 Pa. Afterwards, the chamber
was filled with pure nitrogen (pureness of 99.999 %) or nitrogen oxygen mixtures by means of mass flow
controllers (MKS) and a control unit (MKS PR4000F). In the case of the low pressure CCRF discharge,
the gas inlet was connected to the chamber walls. For the barrier discharge configuration, an additional
gas hose enabled a direct outflow at the discharge configuration. During the discharge operation, the
gas flow rate was kept constant by a diaphragm pressure gauge (MKS Baratronr Pressure Controller), a
butterfly valve (MKS) and a process pump (TRIVAC D25BCSPFPE).

2.1.2 Capacitively coupled radio-frequency discharge

The pressure range investigated with the CCRF discharge started at 40 and ended at 1000 Pa. The typical
gas flow rate was 5 sccm for pure nitrogen and 10 sccm in total for nitrogen oxygen mixtures. The
discharge electrodes were cylindrical plates with diameters of 90 mm. They were aligned in the centre
of the chamber at a distance of 10 mm to each other. Furthermore, they were movable in the vertical
direction to enable the measurement of axially resolved metastables density profiles. The upper electrode
was grounded as well as the walls of the vacuum chamber. The bottom electrode was powered by a
radio-frequency generator (ENI ACG-6B) at 13.56 MHz, connected via a matching network (ENI MW-
10D). Because of the additionally grounded chamber walls, the effective area of the grounded electrode
was larger than the one of the powered. Therewith, an asymmetric capacitively coupled discharge was
formed. The applied power was varied between PRF = 10 and 80 W and the resulting self-bias was in
the range from USB = −15 to −350 V.
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2. Experimental setup

2.1.3 Barrier discharge configuration

Due to the two discharge modes of a barrier discharge, the filamentary and the diffuse mode, two different
discharge configurations were built. The filamentary mode was mainly investigated in the pin-to-plane
discharge configuration as shown in figure 2.1 (a), and for the investigation of the diffuse mode, the plane-
to-plane discharge configuration in figure 2.1 (b) was used. Both discharge configurations contained two
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Figure 2.1: Longitudinal section along the laser beam of the (a) pin-to-plane and the (b) plane-to-plane
barrier discharge configuration.

dielectric plates made from BSO (bismuth silicon oxide, Bi12SiO20) and glass. The thicknesses of the
dielectric plates were 0.7 mm and they were parallel arranged at a gap distance of 1 mm. Only the elec-
trodes behind the dielectrics differed for both configurations. The pin-to-plane discharge configuration
had a 0.5 mm thick pin electrode on top to fix single microdischarge filaments at the central axis of the
discharge configuration. This should guarantee the overlap of the microdischarge with the laser beam.
To avoid parasitic discharges, the pin was surrounded by an isolating MACOR® (Corning) cylinder. The
opposite electrode was an aluminium block with a polished circular mirror (diameter of 25 mm) in the
centre. The fixing frame and the gap spacers were made from PEEK (polyether ether ketone). In the
plane-to-plane discharge configuration, the pin electrode on top was replaced by a plane electrode made
from copper. To avoid disruptive discharges at the edges, the lower circular electrode was reduced to a
diameter of 15 mm. In each direction one side slit remained, having each a horizontal width of about
5 mm. One of these slits was used to connect the gas hose, two slits enabled the transit of the laser beam
and the fourth slit enabled the measurement of the fluorescence and the optical emission.

For the investigation of surface charges in [21], a nearly identical discharge configuration was built
with a drilled out copper electrode on top to enable the illumination from top. To keep the plane electrode
configuration, the glass plate was coated with a transparent and conductive ITO (indium tin oxide) layer.

The barrier discharge operated at a pressure of 500 mbar in pure nitrogen. For the calibration of the LIF
experiment, the pressure was varied between 100 and 1000 mbar. The sinusoidal voltage from the high
voltage supply (Trek PM04015) was applied to the upper electrode as shown in figure 2.1 and reached
amplitudes from Ûappl = 2.75 to 7.5 kV, depending on the used discharge configuration and pressure.
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2.2 Laser-induced fluorescence spectroscopy

2.2 Laser-induced fluorescence spectroscopy

This section presents the setup of the laser-induced fluorescence (LIF) spectroscopy, consisting of the
used laser system and the optics for the detection of the fluorescence. The applied excitation scheme was
already shown in figure 1.6 (a) in section 1.2. The corresponding wavelengths are marked in the optical
emission spectrum in figure 2.2. Firstly, the laser induced the transition from the metastable A3Σ+

u , v = 0
state to the B3Πg, v = 3 state at a wavelength of 687.44 nm. Afterwards, the fluorescence from the
transition to the A3Σ+

u , v = 1 state at 762 nm was observed.

in
te
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ity

λ [nm]
550 600 650 700 750 800

dye laser
→

fluorescence
→B3Πg, v = 3A3Σ+u , v = 0 A3Σ+u , v = 1

Figure 2.2: The spectral positions of the laser beam and the detected fluorescence in the spectrum of the
first positive system of nitrogen.

2.2.1 Laser system and beam path

To get a laser beam having the required wavelength, a tunable dye laser (LAS LDL 20505) was used. The
used dye was pyridine 1 (LDS 698) solved in methanol, allowing to tune the laser wavelength between
670 and 730 nm [75]. The dye laser was pumped by a frequency doubled Nd:YAG laser (Quanta Ray
GCR 130, max. pulse energy of 170 mJ, 10 Hz repetition rate) with a wavelength of 532 nm. It enabled
pulse energies of the dye laser of up to 30 mJ, but only a maximum pulse energy of 10 mJ and 2 mJ was
used to minimise the saturation of the LIF signal for the experiments in the CCRF and barrier discharge,
respectively. The spectral width of the laser beam was about 0.6 cm−1 and the beam diameter about
1.5 mm (see appendix A.1).

The laser beam path was stepwise improved to achieve a spatial resolution in the sub-millimeter range
in the small sized barrier discharge configurations. For the low pressure discharge, the laser beam was
reflected by a mirror in a 45 degrees position to pass the centre of the vacuum chamber and attenuated by
a neutral density filter to reduce the saturation of the LIF signal. The variation of the laser beam position
with respect to the electrodes of the RF discharge was performed by the vertically movable electrodes.
The distance of 10 mm between the electrodes was large enough to perform an axial scan with the 1.5 mm
wide laser beam. Behind the vacuum chamber, a power meter (LAS PM200) was mounted to measure
the energy of the laser pulse.

For the measurements concerning the barrier discharge, the discharge was fixed in the centre of the
vacuum chamber. To pass the small discharge gap of 1 mm, the laser beam was focussed by a cylindrical
lens with a focal length of 300 mm in front of the vacuum chamber. Using the cylindrical lens, the hori-
zontal extent of the laser beam was not changed to keep a large probability of hitting the microdischarge
in the horizontal direction. The focal point was some millimetres in front of the discharge configuration
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2. Experimental setup

to get a slightly diverging beam in the centre of the discharge. In the centre of the discharge configu-
ration, the vertical beam extent was estimated to be about (0.25 ± 0.05) mm due to the Gaussian beam
optics nearby the focal point (see appendix A.2). This small vertical extent of the laser beam enabled
the measurement of axial density profiles. Therefore, the laser beam had to be vertically movable, which
was achieved by several mirrors (see figure A.4 in appendix A.2). Furthermore, a horizontal movement
of the laser beam was possible. After passing the discharge configuration and the vacuum chamber, the
laser pulse energy was measured by an energy meter (LAS PM200) as in the low pressure experiment.

2.2.2 Detection system

The setup for the LIF detection differs for the RF discharge and the barrier discharge. Both setups are
compared in figure 2.3 (a) and (b). In the upper part of the figure, side views are given showing the beam
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Figure 2.3: Sketches of the optical setups for the LIF measurement at (a) the CCRF discharge and (b) the
barrier discharge.

path through the vacuum chamber and discharge configuration. As already discussed in the previous
sections, in the case of the CCRF discharge the laser beam was fixed and the electrodes were movable in
the vertical direction. For the barrier discharge, the discharge configuration was fixed and the laser beam
was movable together with the focussing cylindrical mirror.

In the lower part in figure 2.3, the top views are given. The LIF is measured perpendicular to the laser
beam by a focusing lens (150 mm focal length) and a monochromator (Acton Research Corporation,
SpectraPro®, 500 mm focal length, 1200 mm−1 grating, blaze wavelength of 750 nm) combined with
a photomultiplier tube (PMT, Hamamatsu R928). For the vertical slits of the monochromator large
widths of 3 mm were chosen to catch nearly the entire fluorescence from all rotational bands of the
B3Πg, v = 3 → A3Σ+

u , v = 1 transition. The measured spectral width of the monochromator was about
5 nm. The detection lens in between the discharge configuration and the monochromator was fixed for the
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2.2 Laser-induced fluorescence spectroscopy

RF discharge, whereas it was vertical movable for the measurements at the barrier discharge to move the
detection optics together with the laser beam. In the case of the barrier discharge, a horizontal slit (about
0.3 mm in height) was added in front of the monochromator to reduce the observation window vertically.
This minimised the background scattering signal resulting from laser scattering at the boundaries of the
discharge configuration. Besides, several filters were used in front of the monochromator. To avoid
scattered laser light, a 3 mm thick RG9 filter was used, having a cut wavelength of 700 nm (see appendix
A.3). For the measurements of the Rayleigh signal, a 2 mm thick NG3 filter was inserted to reduce the
intensity of the scattered laser light. To enable a comparison of both temporally resolved signals, the
directed voltage UPMT at the PMT must be equal in both measurements. Due to the low LIF signal,
voltages of 1000 and 1250 V were chosen for the low pressure and atmospheric pressure experiment,
respectively. For the measurements of the Rayleigh signal these high voltages would cause a saturation
of the photomultiplier current, wherefore the additional neutral density filters were used.

The measurement of the electrical signal from the PMT was different for the low and atmospheric
pressure experiments. For the measurements at low pressure (figure 2.3 (a)), the PMT was connected
by a tunable resistance RPMT ∼ 1 kΩ to a boxcar averager (Stanford Research Systems SR 250, input
resistance 1 MΩ). The tunable resistance enables the adjustment of the PMT circuit time constant to the
time constant of the LIF signal, which is important to optimise the signal to noise ratio. For parameter
studies, the resistance was kept constant at a value of RPMT = 1 kΩ. To measure the time dependence of
the LIF signal in the low pressure experiment, the integration gate of the boxcar averager was shifted by
a pulse delay generator (Stanford Research Systems, DG535) with respect to the Q-switch pulse of the
Nd:YAG pump laser. The electrical output voltages from the boxcar averager and the energy meter were
measured by a computer with an integrated A-D converter card (Keithley DAS-801).

For the atmospheric pressure experiment (figure 2.3 (b)), the measurement of the electrical signal
from the PMT was performed directly by an oscilloscope (LeCroy 9362). Its low input resistance of
50 Ω reduced the time constant of the electrical circuit and the bandwidth of 1.5 GHz enabled a fast
recording of the short LIF signal at elevated pressures. As well, the large sampling rate of 10 GHz per
second was necessary for averaging the signals from the laser pulses at a repetition rate of 10 Hz. For
this averaging, the trigger had to be much more precisely than in the low pressure experiment. This was
achieved by deflecting a part of the laser beam toward a photodiode.

In the end, the measurements at low pressure gave a voltage Ulsr representing the laser pulse energy
and a time averaged voltage ULIF(tgd) from the boxcar averager depending on the gate delay. In the mea-
surements at atmospheric pressure, the time resolved voltage uLIF(t) from the oscilloscope was recorded.
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2. Experimental setup

2.2.3 Temporal setup

The previous chapter was about the spectral and spatial arrangement of the diagnostics. Now the question
is when to fire the laser with respect to the discharge. For the RF discharge the answer is anytime, because
the RF period of about 74 ns is much smaller than the typical lifetime of the metastable state, which is at
least in the millisecond range. Therefore, the laser was not triggered by the discharge and the repetition
rate of 10 Hz was given by the Nd:YAG power supply.

applied voltage

lamp pulse

Q-switch pulse

voltage supply
Trek PM04015 t

pulse delay
SMV PDG 204

310 µs + t

310 µs + t + 190 µs
190 µs

Figure 2.4: Pulse trains of the pulse delay generator for the measurement of the metastables time depen-
dence with respect to the applied voltage.

For the atmospheric pressure discharge, the situation is different. The frequency of the applied voltage
is much lower (∼ kHz) and the lifetime of the metastable state is in the millisecond and sub-millisecond
range. One option is therefore to measure the time dependence of the metastables during one voltage
period. This was realised by shifting the laser pulse with respect to the zero crossing of the applied
voltage with a pulse delay generator (SMV PDG 204) as shown in figure 2.4. To achieve a delay of t
with respect to the zero crossing of the voltage, the pulse delay generator was triggered with the zero
crossing of the previous voltage period. After this trigger pulse, the pulse delay generator started to run
and sent after a time of 310 µs + t a pulse to the lamp pulse input of the pump laser. Since the laser power
is maximum for a delay of 190 µs of the Q-switch pulse with respect to the lamp pulse, the Q-switch
pulse was sent after a delay of 500 µs + t to the pump laser.

Besides the time dependence during the voltage period, the behaviour of the metastables density after
a single microdischarge is of great interest. Unfortunately, the microdischarges are very short (< 1 µs)
and appear randomly distributed in time. Hence, the laser had to be triggered by the breakdown of the
microdischarge. This was done electronically by the use of a Rogowski coil applied around an iron rod
below the aluminium block, connecting it with the ground (see section 2.3). Using this pulse to trigger
the flash lamps of the laser, the laser pulse would be about 190 µs later when the Q-switch opens. This
is much to late in comparison to the lifetime of the metastables, wherefore the flash lamps were pre-
triggered. This pre-triggering was done with respect to the applied voltage and is illustrated in figure
2.5. A first pulse delay generator (SMV PDG 204) started its pulse trains when the applied voltage had
its − to + zero crossing. A pulse was sent after 375 µs + t to fire the flash lamps of the pump laser.
Furthermore, the first pulse delay generator provided a 60 µs long gate after 520 µs, which corresponded
to the time interval when the microdischarges were ignited during the increase in applied voltage. This
second signal was connected to the inhibit input of a second pulse delay generator (Stanford Research
Systems DG535). The second pulse delay generator is only allowed to trigger when the level at the inhibit
input is high. If so, it was triggered by the microdischarge current pulse signal from the Rogowski coil.
After a given delay of t, the second pulse delay generator sent a pulse to the Q-switch input of the
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Figure 2.5: Pulse trains of the two pulse delay generators for the measurement of the metastables time
dependence in the afterglow of one microdischarge.

pump laser and the laser was fired. The delay of the laser pulse with respect to the Q-switch pulse was
determined by the laser electronics and amounted about 350 ns. This time is the limit for measuring after
the microdischarge breakdown, but it is at least one order of magnitude smaller than the decay time of
the metastables.

2.2.4 Measurement procedure and data processing

As common for modern diagnostics, results can only be obtained because of a large number of repeti-
tions. Hence, a computer controlled measurement is desirable and often necessary. For an error analysis,
it is useful to keep as much of the raw measurement data as possible.

In the case of the CCRF discharge, the measurement procedure was straight forward. The laser pulse
was triggered by the internal clock of the pump laser and the A-D converter card inside the computer
recorded the laser pulse energy voltage and the voltage from the boxcar averager for every laser pulse.
Afterwards, the mean values of both quantities were calculated.

The measurement at the barrier discharge was more complicated. Since the data transfer of the signal
curves from the oscilloscope to the computer took longer than 100 ms (corresponding to a laser pulse
repetition rate of 10 Hz), the curves were averaged internally by the oscilloscope for 500 or 1000 laser
pulses. During these pulse trains, the laser pulse energy voltage was measured for every single laser pulse
by the A-D converter card inside the computer. After the pulse train, the signal curves were transferred
from the oscilloscope to the computer and the discharge was switched off to measure only the background
scattering for 500 or 1000 laser pulses. Due to the low fluorescence yield at atmospheric pressure, this
procedure was repeated 30 to 50 times. This enabled an averaging of the time dependent LIF signals from
the oscilloscope and the calculation of a standard deviation. In total, one measurement point consisted of
about 500 × 2 × 50 = 50000 laser pulses, corresponding to a measurement time of about 100 minutes at
the 10 Hz repetition rate (including data transfer times). A parameter scan with 10 measurement points
took several days.
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2.3 Electrical measurements at the barrier discharge

The setup for the measurement of the electrical characteristic of the barrier discharge is sketched in figure
2.6 for the plane-to-plane discharge configuration. The applied voltage Uappl was measured by a 1000:1
voltage divider inside the power supply (Trek PM04015) and a Tektronix TDS 2024B oscilloscope. Be-
low the aluminium block, the electric current had to pass a Rogowski coil (Tektronix CT1). This enabled
the measurement of the fast current pulses from single microdischarges. For the electrical measurements
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Figure 2.6: Sketch of the plane-top-plane barrier discharge configuration and the components used for
the electrical characterisation.

of the diffuse mode, the plane-to-plane discharge configuration was connected via a resistor with a resis-
tance of Rext = 99.1 Ω or a capacitor with a capacitance of Cext = 3.42 nF to ground. Parallel to them,
the voltage was measured by the oscilloscope to get the total discharge current and the total transported
charge. From these quantities and the electrical equivalent circuit from [76, 77], the discharge current,
gap voltage and dissipated energy could be calculated. The detailed calculation is presented in appendix
A.6.

For the measurements at the pin-to-plane discharge configuration, only the applied voltage and current
passing the Rogowski coil were measured.

2.4 Optical emission spectroscopy

The use of a monochromator as the wavelength separating component in the detection optics permits
the spectral analysis of the plasma induced optical emission. For a better spectral resolution, the grating
was changed to 1800 lines per millimetre and the width of the vertical slit was reduced to 0.01 mm. To
avoid second order signals, a GG11 filter was placed in front of the monochromator when scanning the
spectrum above 500 nm. For time integrated measurements, the PMT was connected via an external
resistor RPMT to the boxcar averager. Time resolved measurements in the microsecond range for the
diffuse mode were performed with the Tektronix TDS 2024B oscilloscope and the external resistor RPMT,
since the input resistance of 1 MΩ of the oscilloscope was too large. For the faster time dependences of
single microdischarges the LeCroy 9362 was directly connected to the PMT.
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3 Fundamental equations of the laser-induced
fluorescence spectroscopy

In this chapter the fundamental equations for the calculation of the absolute N2(A3Σ+
u , v = 0) metastables

density from the comparison of the laser-induced fluorescence (LIF) signal to the Rayleigh signal is dis-
cussed. This contains the equations to describe the excitation of the B3Πg state, the temporal evolution
of the LIF signal and the influence of the photomultiplier on the signal voltage. Besides, the time depen-
dent Rayleigh signal is calculated and compared with the LIF signal. At the end, a final equation for the
calculation of the absolute metastables density from the ratio of the LIF signal to the Rayleigh signal is
presented.

3.1 Laser-induced fluorescence signal

3.1.1 Laser-induced excitation

The first elementary process during the LIF experiment is the absorption of one photon by the metastable
N2(A3Σ+

u , v = 0) molecule, resulting in the excitation of the B3Πg, v = 3 state. The rate of this process is
proportional to the time dependent photon current density

Jlsr(t) =
Nph

lsr

Alsr
flsr(t), (3.1)

of the laser beam, which is split into the total number of laser photons Nph
lsr , the laser cross section area

Alsr and a normalised time dependent part flsr(t) with
∫ ∞
−∞ flsr(t) dt = 1. The total energy of the laser pulse

is

Elsr = hνlsrN
ph
lsr = CEMUlsr , (3.2)

introducing the frequency νlsr of the laser. The factor CEM is the constant of proportionality of the energy
meter, which gives only a voltage Ulsr proportional to the total energy of the laser pulse. The number of
excited molecules per unit volume depends on the time dependent photon current density Jlsr(t) and the
density nA0 of the metastable N2(A3Σ+

u , v = 0) molecule. Hence, the excitation rate per unit volume is

Xlsr
B3

(t) = nA0σLIF
Jlsr(t)

1 + sUlsr
(3.3)

and includes the LIF cross section σLIF. If the laser pulse energy is too large, stimulated emission from
the excited B3Πg, v = 3 state to the metastable A3Σ+

u , v = 0 state takes place as well. This must be
considered in a saturation factor (1 + sUlsr)−1, including the laser pulse energy voltage Ulsr and the
saturation coefficient s.
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3. Fundamental equations of the laser-induced fluorescence spectroscopy

3.1.2 Fluorescence

To get the time dependent fluorescence signal the temporal evolution of the laser excited B3Πg, v = 3
state must be known. It is derived from the rate equation

dnB3

dt
= Xlsr

B3
(t) + Xplasma

B3
− τ−1

effnB3 (3.4)

of the excited state. The first term on the right hand side of the equation is the previously introduced
excitation rate per unit volume Xlsr

B3
(t). The second term on the right hand side, Xplasma

B3
, describes the

plasma induced excitation rate per unit volume. In the case of the barrier discharge, this term is neglected
because of the low optical emission of the first positive system. For the low pressure radio-frequency
(RF) discharge, the plasma induced excitation is assumed to be constant, since the RF period is much
shorter than the effective lifetime of the excited state. The effective lifetime τeff with

1
τeff

=
∑

v

AB3→Av +
∑

q

kB3,qnq (3.5)

summarises the main loss processes introduced in equation (3.4). These are optical transitions to the var-
ious vibrational levels v of the A3Σ+

u state, characterised by the Einstein coefficients AB3→Av for sponta-
neous emission, and de-exciting collisions with other species q. The latter processes are called collisional
quenching and their rate is the product of the density nq of the collision partner with the corresponding
rate coefficient kB3,q.

The solution (see appendix B.1.1) of the rate equation (3.4) is the time dependent density

nB3(t) = (Xlsr
B3
∗ geff)(t) + Xplasma

B3
τeff (3.6)

of the excited state. It is a convolution of the excitation rates Xlsr
B3

and Xplasma
B3

per unit volume with an
exponential decay function

geff(t) = Θ(t)e−
t

τeff , (3.7)

including the Heaviside step function Θ(t). Due to the excitation by the laser and the plasma, the density
of the excited state consists of a time dependent and a constant part. The constant part is the mean density
n̄B3 = Xplasma

B3
τeff of N2(B3Πg, v = 3) molecules in the plasma.

3.1.3 Detection optics and photomultiplier circuit

The quantities measured in the experiment are voltages resulting from the current flowing from the pho-
tomultiplier tube (PMT) through an external resistor or through the input resistance of the oscilloscope.
Therefore, the rate of photons reaching the cathode of the photomultiplier tube and the rate of electrons
picked up by the anode of the photomultiplier tube must be calculated. The rate of photons reaching the
cathode is

Kph
LIF(t) = AB3→A1nB3(t)Vdet

ΩLIF

4π
TLIF. (3.8)

Here, only the Einstein coefficient AB3→A1 for the observed transition from the B3Πg, v = 3 state to the
A3Σ+

u , v = 1 state enters. The detection volume Vdet is the overlapping volume of the laser beam with the
line of sight of the detection system and ΩLIF the detection solid angle for the LIF measurement. The
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3.1 Laser-induced fluorescence signal

last factor TLIF represents the total transmittance of the detection optics for the LIF experiment, which is
determined by the transmittances of the filters and the monochromator.

The photons reaching the cathode release electrons with a probability given by the quantum efficiency
QLIF = Q(λLIF). These electrons cause electron avalanches within the photomultiplier tube with a gain of
GPMT, which depends on the applied photomultiplier voltage UPMT. Therefore, Ke−

LIF = Kph
LIFQLIFGPMT

electrons are picked up per time at the anode of the photomultiplier tube, and the electric current at the
anode of the photomultiplier tube is

IPMT
LIF (t) = e0Ke−

LIF(t) = e0Kph
LIF(t)QLIFGPMT. (3.9)

Afterwards, the electrons from the anode flow through a resistance RPMT towards ground and the voltage
across this resistance is measured. An equivalent circuit diagram is shown in figure 3.1. The electron

RPMTCPMTILIF   (t) uLIF(t)   PMT
V

Figure 3.1: Sketch of the photomultiplier circuit.

current IPMT
LIF (t) to the anode of the PMT works as a time dependent current source. Parallel to this current

source, a capacitance CPMT and the resistance RPMT are connected. The capacitance CPMT is caused by
the PMT itself and the cables. The resistance RPMT is an additional external resistance or the input
resistance of the oscilloscope.

By the use of figure 3.1, it is visible that the current IPMT
LIF splits into a current IPMT

C through the
capacitance CPMT and a current IPMT

R through the resistance RPMT:

IPMT
LIF (t) = IPMT

C (t) + IPMT
R (t) =

dQPMT
C

dt
+ IPMT

R (t). (3.10)

With QPMT
C = CPMTUPMT

C for the capacitance and UPMT
C = UPMT

R = RPMTIPMT
R follows

IPMT
LIF (t) = CPMT

dUPMT
C

dt
+ IPMT

R (t) = CPMT
dUPMT

R

dt
+ IPMT

R (t) = τPMT
dIPMT

R

dt
+ IPMT

R (t) (3.11)

with the photomultiplier circuit time constant

τPMT = RPMTCPMT. (3.12)

Rewriting to

dIPMT
R

dt
= τ−1

PMTIPMT
LIF (t) − τ−1

PMTIPMT
R (t) (3.13)

shows that this differential equation has the same form as equation (3.4) and the analogous solution is

IPMT
R (t) = τ−1

PMT

(
IPMT
LIF ∗ gPMT

)
(t) (3.14)
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3. Fundamental equations of the laser-induced fluorescence spectroscopy

with the impulse response function

gPMT(t) = Θ(t)e−
t

τPMT (3.15)

of the photomultiplier circuit. That means the voltage

uLIF(t) = RPMTIPMT
R (t) = RPMTτ

−1
PMT

(
IPMT
LIF ∗ gPMT

)
(t)

=
RPMTe0

τPMT
QLIFGPMT

(
Kph

LIF ∗ gPMT
)

(t)

=
RPMTe0

τPMT
TLIFQLIFGPMTAB3→A1Vdet

ΩLIF

4π
(
nB3 ∗ gPMT

)
(t)

(3.16)

measured across the resistance RPMT of the photomultiplier circuit has an additional delay with respect
to the fluorescence. Including the time dependent density of the excited state from equation (3.6), the
time dependent LIF voltage is

uLIF(t) =
RPMTe0

τPMT
TLIFQLIFGPMTAB3→A1Vdet

ΩLIF

4π

(
Xlsr

B3
∗ geff ∗ gPMT

)
(t)

+
RPMTe0

τPMT
TLIFQLIFGPMTAB3→A1VOES

det
ΩLIF

4π

(
Xplasma

B3
τeff ∗ gPMT

)
(t).

(3.17)

With the excitation rate from equation (3.3) and the impulse response function (3.15) of the photomulti-
plier circuit, this equation is rewritten to

uLIF(t) = ûLIFAB3→A1 ( flsr ∗ geff ∗ gPMT) (t) + ūOES, (3.18)

with the LIF peak voltage

ûLIF =
RPMTe0

τPMT
TLIFQLIFGPMTVLIF

det nA0

ΩLIF

4π
σLIF

Alsr

Nph
lsr

1 + sUlsr
(3.19)

and the voltage

ūOES =
RPMTe0

τPMT
TLIFQLIFGPMTAB3→A1VOES

det
ΩLIF

4π
Xplasma

B3
τeff

∞∫

−∞
Θ(t′)e−

t′
τPMT dt′

= RPMTe0AB3→A1TLIFQLIFGPMT
ΩLIF

4π
VOES

det Xplasma
B3

τeff

= RPMTe0AB3→A1TLIFQLIFGPMT
ΩLIF

4π
VOES

det n̄B3

(3.20)

due to the plasma induced optical emission (OES). Looking at this equation, the LIF signal is the con-
volution of the time dependent laser pulse with the exponential decay due to the finite lifetime of the
excited state and the impulse response function of the photomultiplier circuit. Furthermore, one has to
distinguish the detection volume Vdet for the LIF experiment from the detection volume VOES

det for the
optical emission spectroscopy. The first is limited by the laser beam and the detection optics, the second
only by the detection optics, wherefore the detection volume for the optical emission spectroscopy is
larger.

22



3.2 Rayleigh signal

3.2 Rayleigh signal

In contrast to the LIF, the Rayleigh scattering takes place simultaneously with the laser pulse. The rate
of photons reaching the cathode of the photomultiplier tube is written similar to equations (3.3) and (3.8)
as

Kph
Ray(t) = nRayVdet

dσRay

dΩ
ΩRayTRayJlsr(t). (3.21)

The first factor on the right hand side is the density nRay of the Rayleigh scatterer. The second is the
detection volume Vdet, which is the same as for the LIF experiment. In contrast to the LIF experiment,
the cross section σRay is not isotropic. Therefore, the product of the differential cross section dσRay/dΩ

with the solid angle ΩRay enters the equation. Besides, the transmittance of the optics TRay at the laser
wavelength appears. The last factor on the right hand side is the time dependent photon current density
Jlsr(t).

Similar to the LIF signal, the number of electrons reaching the anode of the photomultiplier tube is
calculated by Ke−

Ray(t) = Kph
Ray(t)QRayGPMT, where QRay differs from the quantum efficiency of the LIF

experiment because of the different wavelengths of the scattered laser light and the LIF. The electric
current at the anode of the PMT is

IRay
PMT(t) = e0Ke−

Ray = e0Kph
Ray(t)QRayGPMT. (3.22)

The electrical circuit of the photomultiplier tube remains the same and the voltage across the resistance
RPMT is

uRay(t) = RPMTτ
−1
PMT

(
IRay
PMT ∗ gPMT

)
(t)

=
RPMTe0

τPMT
QRayGPMT

(
Kph

Ray ∗ gPMT
)

(t)

= ûRay ( flsr ∗ gPMT) (t),

(3.23)

with the peak voltage of the Rayleigh signal

ûRay =
RPMTe0

τPMT
TRayQRayGPMTΩRayVdet

dσRay

dΩ
nRay

Nph
lsr

Alsr
. (3.24)

Equation (3.23) shows that the Rayleigh signal is the convolution of the laser pulse with the impulse
response function of the photomultiplier circuit.
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3. Fundamental equations of the laser-induced fluorescence spectroscopy

3.3 Comparison of laser-induced fluorescence with Rayleigh scattering

A comparison of the LIF signal with the Rayleigh signal is necessary to get the absolute densities of the
N2(A3Σ+

u , v = 0) molecule . Starting with equation (3.18) and using the commutativity and associativity
law for the convolution gives

uLIF(t) = ûLIFAB3→A1 ( flsr ∗ geff ∗ gPMT) (t)

= ûLIFAB3→A1 (( flsr ∗ gPMT) ∗ geff) (t).
(3.25)

The factor flsr ∗ gPMT is rewritten by the use of the Rayleigh signal from equation (3.23), so for the LIF
signal remains

uLIF(t) =
ûLIF

ûRay
AB3→A1

(
uRay ∗ geff

)
(t)

=
RLIF/Ray

1 + sUlsr
AB3→A1

(
uRay ∗ geff

)
(t)

(3.26)

with the ratio RLIF/Ray = (1 + sUlsr)ûLIF/ûRay of the LIF to the Rayleigh signal. This equation shows that
the actual temporal shape flsr(t) of the laser pulse is unimportant when comparing the LIF signal with the
Rayleigh signal. Using equations (3.19) and (3.24), the ratio of the LIF to the Rayleigh signal is

RLIF/Ray =
TLIFQLIF

TRayQRay

ΩLIF

ΩRay

σLIF
4π

dσRay
dΩ

nA0

nRay.
(3.27)

Rearranging this equation, the metastables density is calculated by

nA0 = RLIF/Ray
TRayQRay

TLIFQLIF

ΩRay

ΩLIF

dσRay
dΩ
σLIF
4π

nRay, (3.28)

when the ratio RLIF/Ray is known from the measurement. In section 4.2.3 it is shown that

dσRay

dΩ
=

3
8π
σRay, (3.29)

so the equation is simplified to

nA0 = RLIF/Ray
TRayQRay

TLIFQLIF

ΩRay

ΩLIF

3
2
σRay

σLIF
nRay. (3.30)

Hence, besides measuring the ratio RLIF/Ray of the LIF to the Rayleigh signal, the ratios of the transmit-
tances T of the detection system, the quantum efficiencies Q of the photomultiplier tube, the solid angles
Ω of the detection system, the integral cross sections σ for both processes and the density nRay of the
Rayleigh scatterer have to be determined.
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4 Laser-induced fluorescence spectroscopy of
N2(A) metastables in low pressure capacitively
coupled radio-frequency discharges

The investigation of the metastables in the low pressure capacitively coupled radio-frequency (CCRF)
discharge starts with the analysis of the time dependent LIF signal. This allows to optimise the measure-
ment procedure and the determination of the effective lifetimes of the excited state, which are important
to calculate the fluorescence yield. After the temporal analysis of the LIF signal, the calibration proce-
dure is presented, including the determination of the saturation factor, the characterisation of the optics,
the calculation of the cross sections and the measurement of the Rayleigh signal. The chapter ends with
parameter studies, showing the dependence of the metastables density on pressure, RF power and oxygen
admixtures.

4.1 Time dependent laser-induced fluorescence signal

To calculate the theoretical shape of the time dependent LIF signal at low pressure and to optimise the
measurement parameter as the external resistance RPMT and the boxcar gate width Tgw, the effective
lifetime for the excited state must be estimated. Therefore, equation (3.5) is used with the Einstein coef-
ficients from [78] and a quenching rate coefficient of kB3,N2 = 2.54 × 10−11 cm3 s−1 from [79], assuming
quenching by the background gas to be dominant. Regarding a pressure of 200 Pa and a gas temperature
of Tgas = 350 K, one ends up with a background gas density of nN2 = p/kBTgas = 4.14 × 1016 cm−3

and an effective lifetime of 850 ns. Hence, the effective lifetime is more than one order of magnitude
larger than the duration of the laser pulse being about 10 ns and the time dependence of the laser pulse is
neglected. The time dependent part of the photon current density of the laser beam in equation (3.1) is
described as a Dirac delta function flsr(t) = δ(t − t0). As a consequence, the time dependent LIF voltage
in equation (3.18) simplifies to

uLIF(t) = ûLIFAB3→A1(geff ∗ gPMT)(t − t0)

= ûLIFAB3→A1

τeff τPMT

τeff − τPMT

(
e−

t−t0
τeff − e−

t−t0
τPMT

)
Θ(t − t0).

(4.1)

The calculation is presented in detail in section B.2.1. The time dependent LIF voltage uLIF is sketched
in figure 4.1 for various ratios τPMT/τeff. The function starts very steeply at the time t0 of the laser pulse,
reaches a maximum and goes afterwards to zero. As one can see from the figure, the maximum shifts to
later times for an increasing photomultiplier circuit time constant τPMT. The maximum value increases
for increasing τPMT, which shows that it is useful to measure with a large τPMT to get a large LIF voltage.
On the other hand, considering ūOES in equation (3.20), the voltage from the plasma induced optical
emission increases with τPMT = RPMTCPMT. Hence, an increase of τPMT is only useful up to a certain
level.

Besides the maximum, the decay after the maximum depends on the ratio of the photomultiplier circuit
time constant to the effective lifetime. For a small ratio τPMT/τeff, the decay is dominated by τeff and for
a large ratio by τPMT. Hence, to extract τeff from the time dependent LIF signal it is recommended to
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u L
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t

τPMT = 4τeff
τPMT = 2τeff
τPMT = τeff
τPMT = 1/2τeff
τPMT = 1/4τeff

tgd

Tgw︷ ︸︸ ︷t0 ULIF(tgd)

Figure 4.1: Sketch of the time dependent LIF voltage uLIF for several ratios of the PMT time constant
τPMT to the effective lifetime τeff. The overlap of the time dependent LIF voltage uLIF for
τPMT = τeff with the gate of the boxcar averager at a delay of tgd and a width of Tgw is the
time averaged LIF voltage ULIF.

measure with a small τPMT. Therefore, τPMT is chosen to be in the same range as the expected effective
lifetime to have a sufficient large LIF signal and to enable the determination of the actual effective lifetime
from the time dependence of the LIF signal.

As presented in section 2.2.2, the LIF voltage uLIF was not measured directly by an oscilloscope,
but is the input of a boxcar averager (BA). This boxcar averager permitted an additional gain GBA of the
signal, but included an averaging over the gate width Tgw of the boxcar integrator. To measure still a time
dependence, the gate was shifted by an increase in the boxcar delay time tgd with respect to the Q-switch
pulse of the Nd:YAG pump laser. The gate is plotted additionally in figure 4.1. The area limited by the
gate and uLIF(t) is proportional to the measured time averaged LIF voltage

ULIF(tgd) =
GBA

Tgw

tgd+Tgw∫

tgd

uLIF(t) dt

= ûLIFGBA
AB3→A1

τ−1
eff

1
Tgw

τPMT

τeff − τPMT

×
(
−τeff e−

b
τeff + τPMT e−

b
τPMT + τeff e−

a
τeff − τPMT e−

a
τPMT

)
,

(4.2)

of the boxcar averager with a := max(tgd − t0, 0) and b := max(tgd + Tgw − t0, 0). In principle, this is the
convolution of the time dependent LIF voltage uLIF(t) with a boxcar function Θ(t − tgd)Θ(tgd + Tgw − t).
The time averaged LIF voltage ULIF is sketched in figure 4.2 for various ratios of the photomultiplier
circuit time constant to the effective lifetime. As expected, it looks quite similar to uLIF(t) in figure 4.1.
The main difference is that ULIF(tgd) starts earlier and smoother at t0 −Tgw. This shows the disadvantage
of using the boxcar averager, which is the loss of temporal resolution. Therefore, the gate width should
be not too large in comparison to τPMT and τeff, determining the temporal behaviour of the LIF signal
uLIF(t).

In commonly performed LIF measurements, the whole time dependent LIF voltage uLIF(t) is averaged
by the boxcar averager. This means tgd ≤ t0 and Tgw → ∞. Hence, equation (4.2) simplifies to

ULIF = ûLIFGBA
AB3→A1

τ−1
eff

τPMT

Tgw
. (4.3)
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4.1 Time dependent laser-induced fluorescence signal
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τPMT = 4τeff
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τPMT = τeff
τPMT = 1/2τeff
τPMT = 1/4τeff

t0

Figure 4.2: Sketch of the time averaged LIF voltage ULIF given by the boxcar averager depending on the
boxcar gate delay for several ratios of the PMT time constant τPMT to the effective lifetime
τeff and a constant gate width of Tgw = τeff.

The third factor AB3→A1τeff on the right-hand side is the fluorescence yield, which is the ratio of the rate
of the visible fluorescence to the overall loss processes. The last fraction τPMT/Tgw in the equation is
determined by the measurement parameter. As discussed above, a larger photomultiplier circuit time
constant τPMT causes a larger LIF signal. A large gate width Tgw results in a lower LIF signal, since the
LIF signal is finite in time. Hence, the gate width should be only slightly larger than the LIF signal.

4.1.1 Determination of photomultiplier circuit time constant

For the determination of the effective lifetime τeff from the measured dependence of the time averaged
LIF voltage ULIF on the gate delay tgd by equation (4.2) it is necessary to know the time constant of the
photomultiplier circuit τPMT. It is achieved from the measurement of the time dependent signal of the
scattered light, in particular the Rayleigh scattered light. Starting with equation (3.23) and introducing
flsr(t) = δ(t − t0) as well as equation (3.15) gives

uRay(t) = ûRay

(
δ(t − t0) ∗ Θ(t)e−

t
τPMT

)
(t)

= ûRayΘ(t − t0)e−
t−t0
τPMT .

(4.4)

Hence, the time dependence of the voltage across RPMT after the laser pulse is an exponential decay with
a time constant τPMT. As for the LIF measurement, the measured voltage URay is the time averaged
voltage from the boxcar averager depending on the gate delay tgd, which is calculated similar to (4.2) by

URay(tgd) =
GBA

Tgw

tgd+Tgw∫

tgd

uRay(t)dt = ûRayGBA
τPMT

Tgw

(
−e−

b
τPMT + e−

a
τPMT

)
, (4.5)

with a := max(tgd − t0, 0) and b := max(tgd + Tgw − t0, 0). For tgd ≥ t0 this is

URay(tgd) = ûRayGBA
τPMT

Tgw

(
1 − e−

Tgw
τPMT

)
e−

tgd−t0
τPMT , (4.6)

which is an exponential decay as for uRay(t).
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4. LIF of N2(A) metastables in low pressure CCRF discharges

For the common LIF experiments with tgd ≤ t0 and Tgw → ∞, the time averaged Rayleigh voltage in
equation (4.5) becomes

URay = ûRayGBA
τPMT

Tgw
. (4.7)

The comparison with equation (4.3) shows that the PMT circuit time constant τPMT and the gate width
Tgw cancel out for the common LIF setup, using a boxcar gate width larger than the LIF signal:

ULIF

URay
=

ûLIF

ûRay

AB3→A1

τ−1
eff

. (4.8)

It only remains the ratio of the peak voltages and the ratio of the spontaneous emission to the effective
decay rate AB3→A1τeff as in the literature [16, 17]. The latter is called fluorescence yield.

Equation (4.5) is used to measure the PMT circuit time constant. Unfortunately, the laser pulse energy
was not constant during the experiment. Thus, the voltages URay and ULIF were measured together with
the laser pulse energy voltage Ulsr and new dimensionless relative signals are defined:

YLIF(tgd) =
ULIF(tgd)

Ulsr
(1 + sUlsr), YRay(tgd) =

URay(tgd)
Ulsr

,

yLIF(t) =
uLIF(t)

Ulsr
(1 + sUlsr), yRay(t) =

uRay(t)
Ulsr

,

ŷLIF =
ûLIF

Ulsr
(1 + sUlsr), ŷRay =

ûRay

Ulsr
.

(4.9)

For the LIF signal the saturation effect is included with the saturation coefficient s. Its determination is
shown below in section 4.2.1.

For the measurement of the PMT circuit time constant, the signal from the whole scattered light is used.
This includes the Rayleigh scattered light and the light scattered at the boundaries like the electrodes or
the walls of the vacuum chamber. The normalised averaged signal Yscatt depending on the gate delay tgd
is shown in a semi-logarithmic plot in figure 4.3 for several external resistances RPMT. As it is expected

Y s
ca

tt

tgd [µs]
0.5 1 1.5 2

10−1

100 RPMT = 2.0 kΩ
τPMT = (0.832 ± 0.011) µs
RPMT = 1.0 kΩ
τPMT = (0.435 ± 0.005) µs
RPMT = 0.5 kΩ
τPMT = (0.247 ± 0.006) µs

Figure 4.3: Semi-logarithmic plot of the normalised time averaged signal of the scattered laser light
depending on the boxcer gate delay for several external resistances of the PMT circuit. The
fits of equation (4.5) to the measurement points are added.

from equation (4.6), the measurement points are on a straight line in the semi-logarithmic plot. To get the
photomultiplier circuit time constant τPMT, an exponential fit using the Levenberg-Marquardt algorithm
is performed. The determined photomultiplier circuit times τPMT decrease with decreasing RPMT. The
expected relation from equation (3.12) is τPMT = CPMTRPMT. Hence, a diagram with τPMT over RPMT
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4.1 Time dependent laser-induced fluorescence signal
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CPMT = (0.391 ± 0.011) nF
R0 = (122 ± 36)Ω

Figure 4.4: PMT circuit time constant depending on the external resistance of the PMT circuit.

is plotted in figure 4.4. It shows that the PMT circuit time constant increases linear with the external
resistance, but the intercept does not vanish. It exists a remaining resistance R0, so that

τPMT = CPMT(RPMT + R0). (4.10)

The remaining resistance R0 is addressed to the resistance of the PMT itself.

4.1.2 Determination of effective lifetime and LIF signal strength

For the determination of the effective lifetime τeff the dependence of the time averaged LIF signal on
the gate delay is presented in figure 4.5 for several values of the external resistance RPMT. The mea-
surements show the same behaviour as expected from figure 4.2 and equation (4.2). The maximum
value increases and shifts to later times with increasing RPMT respectively τPMT. The theoretical func-
tion from equations (4.2) is fitted by the Levenberg-Marquardt algorithm to the measurement points with
AB3→A1 = 6.446 × 104 s−1 [78]. The only free fit parameters are the effective lifetime τeff and the rela-
tive signal strength ŷLIF. Both of them should be equal for all three measurements because they do not
depend on the external resistance RPMT. The accordance is very good for the first two measurements,
the third one shows a little difference. The reason for this might be the early maximum due to the short

Y L
IF

tgd [µs]
0 0.5 1 1.5 2 2.5

0

0.2

0.4

0.6

RPMT = 2.0 kΩ→ τPMT = 0.832 µs
τeff = (0.439 ± 0.030) µs
ŷLIF = 0.418 ± 0.026
RPMT = 1.0 kΩ→ τPMT = 0.435 µs
τeff = (0.435 ± 0.032) µs
ŷLIF = 0.425 ± 0.028
RPMT = 0.5 kΩ→ τPMT = 0.247 µs
τeff = (0.388 ± 0.038) µs
ŷLIF = 0.388 ± 0.035

Figure 4.5: Normalised time averaged LIF signal depending on the boxcar gate delay for several values
of the external resistance of the PMT circuit at 200 Pa, 10 W and USB ≈ −20 V. The fits of
equation (4.2) to the measurement points are added.
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4. LIF of N2(A) metastables in low pressure CCRF discharges

photomultiplier circuit time constant τPMT. Hence, in this case the fit is dominated by the decay after
the maximum and the increasing part before the maximum has low influence on the fit. Another reason
might be a change of the plasma parameters during the measurement, because between 0.9 and 1 µs an
abrupt increase of the signal is seen. In the following section, all measurements were performed with
an external resistance of RPMT = 1 kΩ. This resistance corresponds to a PMT circuit time constant of
τPMT = 0.435 µs, which is nearly the effective lifetime at 200 Pa. The gate width was Tgw = 1 µs at 40 Pa
and Tgw = 0.5 µs for the other pressures.

4.1.3 Pressure dependence of the effective lifetime

Reconsidering equation (3.5), the effective lifetime depends on the density of the collision partners nq

and the corresponding rate coefficients kB3,q. The main quencher is the background gas itself with a
density of nN2 = p/(kBTgas), calculated by the ideal gas law from the pressure p and the gas temperature
Tgas. Introducing the radiative lifetime τrad = 1/

∑
v AB3→Av , equation (3.5) is rewritten to

1
τeff

=
1
τrad

+ kB3,N2nN2 =
1
τrad

+ kB3,N2

p
kBTgas

. (4.11)

Hence, the effective decay rate τ−1
eff

should increase linear with pressure. To proof this, the effective
lifetime is determined for pressures from 40 to 1000 Pa from the time averaged LIF signals depending
on the boxcar gate delay, which is presented in figure 4.6. The maximum of the LIF signal shifts towards
earlier times for increasing pressure and the decrease after the maximum is faster. Both effects are the
result of the decreasing effective lifetimes as expected. Furthermore, the signal strength ŷLIF increases
with pressure, which means the metastables density increases. For comparison, a Stern-Volmer-plot
shows the dependence of the effective decay rate on pressure in figure 4.7. In addition, several straight
lines calculated with quenching rates from literature and a gas temperature of Tgas = 350 K are added.
The measured values show a good agreement for pressures below 200 Pa with the straight line base on the
rate coefficient of 9.0 × 10−11 cm3 s−1 from [80], measured with the assumption of a double-exponential
decay instead of the single exponential decay. This assumption is based on a strong collisional coupling
of the B3Πg state with the W3∆u state and highly vibrationally excited A3Σ+

u states, which is discussed in
section 4.1.5. For larger pressures, the effective decay rates approach the curves with 2.5×10−11 cm3 s−1.
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ŷLIF = 0.083 ± 0.007

p = 70 Pa, PRF = 10 W,USB = −66 V
τeff = (0.741 ± 0.120) µs
ŷLIF = 0.125 ± 0.015

p = 100 Pa, PRF = 10 W,USB = −45 V
τeff = (0.609 ± 0.075) µs
ŷLIF = 0.161 ± 0.016

p = 200 Pa, PRF = 10 W,USB = −18 V
τeff = (0.396 ± 0.023) µs
ŷLIF = 0.485 ± 0.026

p = 400 Pa, PRF = 10 W,USB = −22 V
τeff = (0.233 ± 0.027) µs
ŷLIF = 0.551 ± 0.063

p = 700 Pa, PRF = 30 W,USB = −40 V
τeff = (0.201 ± 0.029) µs
ŷLIF = 0.699 ± 0.100

p = 1000 Pa, PRF = 50 W,USB = −54 V
τeff = (0.153 ± 0.024) µs
ŷLIF = 0.919 ± 0.147

Figure 4.6: Normalised time averaged LIF signal depending on the boxcar gate delay for several pres-
sures. The fits of equation (4.2) to the measurement points are added.
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Figure 4.7: Stern-Volmer plot of the determined effective decay rate versus pressure in comparison to
straight lines considering quenching by the background gas to be dominant (Tgas = 350 K)
for the low pressure range.

4.1.4 RF power and oxygen admixture dependence of the effective lifetime

Looking again at equation (4.11), the effective lifetime does not only depend on pressure, but as well on
temperature. The temperature dependence of the second factor p/(kBTgas) from the ideal gas law is clear,
but the rate coefficient kB3,N2 might depend as well on temperature. In a first approximation, one can
assume a proportionality between the rate coefficient and the mean thermal velocity of the background
gas, which is in turn proportional to

√
Tgas. Hence, the product of the rate coefficient kB3,N2 with the

background gas density nN2 is proportional to T−1/2
gas , that means the effective lifetime is proportional to√

Tgas. For an increase in temperature of 200 K from 350 to 550 K, a factor of
√

550/350 ≈ 1.25 remains,
which is only a small increase in the effective lifetime. In the experiment, only a small increase within the
error bar was observed, wherefore this effect could not be verified by the measurements. Nevertheless,
the deviations of the effective decay rates at 700 and 1000 Pa in figure 4.7 might be partially caused by
this temperature effect, because a larger RF power was necessary at these pressures to ignite a discharge.

A further aspect of the investigations about the metastable A3Σ+
u is the admixture of oxygen, because of

its strong quenching of the metastable state. Therefore, one has to clarify in which manner the effective
lifetime of B3Πg is influenced by small oxygen admixtures. The rate coefficient for the de-excitation of
B3Πg by oxygen is about 2×10−10 cm3 s−1, which is one order of magnitude larger than the coefficient for
the de-excitation by nitrogen [81]. Hence, an oxygen admixture of up to 2 % should effect the effective
lifetime by not more than 20 %. This small influence of the small oxygen admixtures on the effective
lifetime of the B3Πg, v = 3 state could not be verified by the experiment, since the expected difference is
within the error of the measurement.

4.1.5 Collisional coupling of the laser excited state

As shown in the sections 4.1.3 and 4.1.4, the shape of the LIF signal is well described by the convolution
of the exponential decay due to the effective lifetime of the excited state and an additional exponential
decay due to the PMT circuit. Unfortunately, the effective lifetimes from the fit are not on a straight
line. Besides the influence of gas temperature and the contribution of other species to the quenching,
the reason for the deviation from a straight line might be the collisional coupling of the B3Πg state with
other states of the nitrogen molecule [49, 51, 80, 82–85]. Looking at the potential curves in figure 1.4,
the W3∆u state and high vibrational levels of the A3Σ+

u state have similar energy levels as the B3Πg state.
As a consequence, there exist collision induced transitions from the B3Πg state to these states and the
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4.1 Time dependent laser-induced fluorescence signal

other way around. This must be considered in the rate equation (3.4). Up to now, all quenched B3Πg
molecules were assumed to be lost for the fluorescence:

N2(B3Πg, v = 3) + N2(X)
kBX→ products, kBX := kB3,N2(X). (4.12)

This reaction channel must be supplemented by a collisional transfer to other states. It was shown in [51,
83], that the vibrational level v = 3 of the W3∆u state is nearest to the B3Πg, v = 3 state. Furthermore,
due to the little energy difference between these states, a forward and a backward reaction exist:

N2(B3Πg, v = 3) + N2(X)
kW

BX



kB
WX

N2(W3∆u, v = 3) + N2(X). (4.13)

The notation kW
BX means that the B3Πg state collides with the background gas in its ground state X1Σ+

g

and a transition to the W3∆u, v = 3 state takes place. The previous introduced rate coefficient kBX is the
loss rate coefficient for all losses of the B3Πg state by quenching with the background gas. Analogous to
kBX , the overall loss rate kWX of the W3∆u, v = 3 corresponds to the reaction

N2(W3∆u, v = 3) + N2(X)
kWX→ products. (4.14)

Considering the three reaction channels, the rate equation (3.4) for the B3Πg state enlarges to a system
of two rate equations for both states:

dnB

dt
= Xlsr

B3
(t) − τ−1

radnB(t) −kBXnB(t)nX + kB
WXnW(t)nX ,

dnW

dt
= −kWXnW(t)nX + kW

BXnB(t)nX .

(4.15)

For simplification, the ratios cW
BX = kW

BX/kBX and cB
WX = kB

WX/kWX as well as the rates KBX = τ−1
rad + kBXnX

and KWX = kWXnX are introduced:

dnB

dt
= Xlsr

B3
(t) −KBXnB(t) + cB

WXKWXnW(t),

dnW

dt
= −KWXnW(t) + cW

BXKBXnB(t).
(4.16)

The solution of this system of differential equations (see appendix B.1.2) is

nB(t) = (Xlsr
B3
∗ gB)(t) with gB(t) =

(
A1 e−K1t + A2 e−K2t

)
Θ(t) (4.17)

and

nW(t) = (Xlsr
B3
∗ gW)(t) with gW(t) = cW

BX
KBX

Kcc

(
e−K2t − e−K1t

)
Θ(t). (4.18)

The prefactors and rates are given by

A1 =
1
2

(
1 +

KBX − KWX

Kcc

)
, K1 =

1
2

(KBX + KWX + Kcc) , (4.19)

A2 =
1
2

(
1 − KBX − KWX

Kcc

)
, K2 =

1
2

(KBX + KWX − Kcc) (4.20)
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4. LIF of N2(A) metastables in low pressure CCRF discharges

and

K2
cc = (KBX − KWX)2 + 4CBW KBXKWX , CBW = cW

BXcB
WX . (4.21)

The solution (4.17) is a convolution of the time dependent laser pulse with an double exponential decay
function. For the non coupling case with CBW := 0, the function gB(t) in (4.17) equals geff(t) (compare
equation 3.7). Another important aspect is that nB(t) depends on CBW = cW

BXcB
WX , but not on cW

BX and cB
WX

themselves.
To calculate the LIF signal, gB(t) is inserted instead of geff(t) in equation (4.1). After the convolution

and the averaging due to the boxcar gate, the time averaged LIF voltage ULIF remains with eight terms
of the sum (see appendix B.2.4):

ULIF(tgd) = ûRayGBA
AB3→A1

Tgw

×
2∑

i=1

Ai

KPMT − Ki

(
− 1

Ki
e−Kib +

1
Ki

e−Kia +
1

KPMT
e−KPMTb − 1

KPMT
e−KPMTa

)
,

(4.22)

with a := max(tgd − t0, 0), b := max(tgd + Tgw − t0, 0) and KPMT = τ−1
PMT. Pursuing the same strategy as

in section 3.5, this function must be fitted to the measured LIF signal to get the LIF signal strength ŷLIF.
Unfortunately, the new function GLIF has four parameters: A1, A2,K1 and K2. Because of A1 + A2 = 1,
one cancels out, so that three free fit parameter remain. It is useful to take K1,K2 and the coupling
parameter CBW . Using them, the amplitudes are calculated as follows (see appendix B.3.1):

A1 =
1
2

+
1
2

√
1 − 4CBW

1 −CBW

K1K2

(K1 − K2)2 , A2 = 1 − A1. (4.23)

Besides these three parameter, the normalised LIF signal strength ŷLIF is the fourth fit parameter. Four
parameter are still too much for a reasonable fit, wherefore it is recommended to fix some of them before
fitting. Looking at equations (4.19) and (4.20), the rate K1 is always larger than K2, so there is a fast
decay and a slower one. A reasonable attempt is to take rate coefficients of k1 = 9 × 10−11 cm3 s−1 and
k2 = 3 × 10−11 cm3 s−1 for the fast and slow decay. This assumption is based on the rates determined in
[86] and in figure 4.7, where the effective decay rates agree with the straight lines based on k1 for low
pressure and k2 for larger pressures. The corresponding rates for the various pressures are

K1 = k1
p

kBTgas
and K2 = k2

p
kBTgas

. (4.24)

Again a gas temperature of Tgas = 350 K is used and the influence of the radiative lifetime τrad of the
B3Πg state is neglected. Both assumptions cause small errors, but the results of the qualitative discussion
remain valid. After fixing the rates, the fit is done by varying ŷLIF and CBW . It is only useful to do so for
the midrange pressure, where both decay rates determine the LIF signal. In figure 4.8 the signals already
shown in 4.5 are fitted by the new function for several RPMT. Comparing both figures and fits, the curves
are nearly the same. The only difference is the LIF signal ŷLIF, which is a little larger for the new model.
The reason is clear, the fast decay at the beginning was underestimated in the simple model, wherefore
ŷLIF was smaller.

Besides the LIF signal strength, figure 4.8 gives the coupling parameter. It is nearly the same for
the three curves. Hence, this offers the opportunity to perform a fit with a constant coupling parameter
of CBW = 0.19, varying only the LIF signal strength ŷLIF. Such fits are plotted in figure 4.9 for the
measurements already shown in figure 4.6. As visible, the curves fit well the measurement although only
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4.1 Time dependent laser-induced fluorescence signal
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RPMT := 2.0 kΩ→ τPMT = 0.832 µs
CBW = 0.19
ŷLIF = 0.487 ± 0.028
RPMT := 1.0 kΩ→ τPMT = 0.435 µs
CBW = 0.19
ŷLIF = 0.488 ± 0.033
RPMT := 0.5 kΩ→ τPMT = 0.247 µs
CBW = 0.17
ŷLIF = 0.432 ± 0.023

Figure 4.8: Normalised time averaged LIF signal depending on the boxcar gate delay for several values
of the external resistance of the PMT circuit at 200 Pa, 10 W and USB ≈ −20 V with fit
curves considering the collisional coupling as in equation (4.22).

the amplitude ŷLIF was fitted to the measurement values. Hence, the collisional coupling model describes
the time dependent LIF signal adequate. Besides, the parts of the exponential decays A1 exp(−K1t) and
A2 exp(−K2t) of the whole signal are shown. As expected and assumed, for low pressure the fast decay
dominates, because tgd < K−1

2 , whereas for larger pressure the slow decay is important, because mostly
tgd > K−1

1 . However, most important is the LIF signal strength ŷLIF. The comparison with figure 4.6
shows that the values for low pressure differ only marginal, but for larger pressure ŷLIF is clearly larger
for the collisional coupling model than for the simple model, for 1000 Pa even twice as large.

In summary, the collisional coupling model describes the LIF signal very well for the different pres-
sures. It shows that the LIF signal strength is underestimated for large pressures due to the fixed gates
for the measurement. To get the absolute density for larger pressure more exactly, one should decrease
the gate delay and τPMT to measure the fast decay after the laser pulse. Unfortunately, at this conditions
the laser pulse cannot be assumed as a delta function any more.
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p = 70 Pa, PRF = 10 W,USB = −66 V
τ1 := 0.767 µs
τ2 := 2.302 µs
CBW := 0.19
ŷLIF = 0.106 ± 0.007

p = 100 Pa, PRF = 10 W,USB = −45 V
τ1 := 0.537 µs
τ2 := 1.611 µs
CBW := 0.19
ŷLIF = 0.147 ± 0.008

p = 200 Pa, PRF = 10 W,USB = −18 V
τ1 := 0.268 µs
τ2 := 0.805 µs
CBW := 0.19
ŷLIF = 0.524 ± 0.011

p = 400 Pa, PRF = 10 W,USB = −22 V
τ1 := 0.134 µs
τ2 := 0.403 µs
CBW := 0.19
ŷLIF = 0.673 ± 0.016

p = 700 Pa, PRF = 30 W,USB = −40 V
τ1 := 0.077 µs
τ2 := 0.230 µs
CBW := 0.19
ŷLIF = 1.254 ± 0.067

p = 1000 Pa, PRF = 50 W,USB = −54 V
τ1 := 0.054 µs
τ2 := 0.161 µs
CBW := 0.19
ŷLIF = 1.792 ± 0.097

Figure 4.9: Normalised time averaged LIF signal for various pressures and the fitted LIF signal in equa-
tion (4.22) based on the collisional coupling model (RPMT = 1 kΩ).
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4.2 Absolute density calibration

4.2 Absolute density calibration

The temporal behaviour of the LIF was discussed and equation (4.2) shows how to calculate the LIF
signal strength ûLIF from the time averaged LIF voltage ULIF(tgd). This section deals with the other
quantities necessary for the calculation of the absolute metastables densities. Since the LIF measurement
and the Rayleigh measurement were performed in equal geometric arrangements, the detection solid
angles ΩLIF and ΩRay are the same and cancel out in equation (3.30). The remaining equation is

nA0 = (1 + sUlsr)
ûLIF

ûRay

TRayQRay

TLIFQLIF

3
2
σRay

σLIF
nRay

= ŷLIF
TRayQRay

TLIFQLIF

3
2
σRay

σLIF

nRay

ŷRay
,

(4.25)

including the normalised signal strength from equation (4.9). The fractions beyond ŷLIF are determined
in the following sections.

4.2.1 Saturation coefficient

Although the saturation effect is already included in the normalised LIF signal strength ŷLIF, its determi-
nation was not yet presented. The reason for the saturation of the LIF signal for large laser pulse energies
is the stimulated emission, which depends on the product of the Einstein-coefficient for stimulated emis-
sion and the radiance. If this product becomes comparable to the Einstein-coefficient for spontaneous
emission, the excited state has a significant probability to be de-excited by laser photons. This is the
case in the experiment at low pressure, which results in a saturation curve for the LIF signal as shown in
figure 4.10.

U
L
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]

Ulsr [V]
0 1 2 3 4

0

0.25

0.5

0.75

YLIF = 0.40 ± 0.01
s = (0.37 ± 0.02) V−1

Figure 4.10: Saturation of the time averaged LIF voltage ULIF with increasing laser pulse energy voltage.
The fitted curve gives the normalised time averaged LIF signal YLIF and the saturation
parameter s.

The saturation curve is described by

ULIF(Ulsr) = YLIF
Ulsr

1 + sUlsr
(4.26)

and is fitted to the measurement points. The fit parameter are the time averaged normalised LIF signal
YLIF and the saturation parameter s = (0.37 ± 0.02) V−1. The saturation parameter is determined only
once by the fit, but is used to calculate the normalised quantities as defined in (4.9) for each laser pulse.
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4. LIF of N2(A) metastables in low pressure CCRF discharges

4.2.2 Detection optics

As explained in section 2.2.2, the LIF and the Rayleigh signal were measured at different monochromator
wavelengths and with different optical filters. Therefore, the ratio

Voptics =
TRayQRay

TLIFQLIF
(4.27)

appears in equation (4.25). To determine this ratio, a wavelength scan was performed by the monochro-
mator while a halogen lamp (Schott KL 1500 LCD) illuminated the detection system. These scans are
plotted in figure 4.11 (a) for different temperatures Tlamp of the halogen lamp. Since the Rayleigh scatter-
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Figure 4.11: (a) Voltage of the boxcar averager depending on the monochromator wavelength for dif-
ferent temperatures of the halogen lamp, (b) the relative sensitivity for the whole detection
system and (c) the relative sensitivity of the monochromator and the PMT.

ing was measured using an NG3 and an NG4 filter, the wavelength scan between λMC = 680 and 740 nm
was performed using these filters, whereas the wavelength scan from 720 to 770 was done with the NG3
and an RG9 filter as in the LIF experiment.

To get the wavelength dependence of the detection optics, the measured voltage is divided by the
distribution of photons given by Planck’s radiation formula

NPlanck(λMC) ∝ 1
λ4

MC

1

e
hc0

λMCkBTlamp − 1
. (4.28)
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The result is the wavelength dependent relative sensitivity of the detection system, which plotted in figure
4.11 (b). Due to the different optical filters it is not continuous. The attenuation at 687 nm is clearly larger
than at 762 nm, because of the large intensity of the Rayleigh signal in comparison to the LIF signal.

Besides the relative sensitivity of the whole detection system, the relative sensitivity of the monochro-
mator and the PMT without the filters is plotted in figure 4.11 (c). This curve is continuous as it should
be, the deviation of the right curve at 720 nm is due to the saturation within the photomultiplier tube.
Furthermore, one can see the increase of the sensitivity of the monochromator and the PMT with de-
creasing wavelength, which reflects the larger quantum efficiencies for lower wavelengths. To get the
calibration factor from the optics, the ratio of the sensitivity of the whole detection system at the laser
and fluorescence wavelength

Voptics =
U(687 nm)
U(762 nm)

NPlanck(762 nm)
NPlanck(687 nm)

(4.29)

is calculated. The value increases slightly with the temperature of the halogen lamp, wherefore the
average value of Voptics = 0.37 ± 0.02 is taken for the absolute density calibration. In principle, one has
to consider the different widths of the monochromator in the spectral range. This was tested by a scan
across several argon lines between 690 and 794 nm, which showed no significant difference.

4.2.3 Cross sections

The next fraction in equation (4.25) is the ratio of the LIF cross section to the Rayleigh cross section.
Both are calculated independently from each other in the following paragraphs.

LIF cross section

Firstly, the total LIF cross section σLIF is calculated. The LIF cross section depends on the laser wave-
length, the spectral line width of the laser beam and the rotational distribution of the induced transition.
For a single line at ωk = 2πc0/λk, the frequency dependent LIF cross section is

σk(ω) =
πe2

0 f ji

2ε0mec0
f (ω,ωk) (4.30)

for a transition from the state i to j [87]. The equation includes the oscillator strength f ji = 1.407 × 10−4

[78] for the investigated transition from the A3Σ+
u , v = 0 to the B3Πg, v = 3 state and the line profile

f (ω,ωk), which is determined by the natural line width and the Doppler broadening. Equation (4.30)
would be adequate if the spectral laser width was narrower than the Doppler broadened line width of the
transition. In most experiments the spectral laser width and the Doppler broadened line width are in the
same order of magnitude, but in this experiment the spectral laser width was even larger than the Doppler
width of the line. Therefore, the Gaussian line profile

Glsr(ω,ωlsr) =

√
4 ln 2
π

1
δωlsr

exp

−4 ln 2
(ω − ωlsr)2

δω2
lsr

 (4.31)

of the laser with a full width at half maximum of δν̃lsr = δωlsr/(2πc0) = 0.57 cm−1 (see appendix A.1.2)
is introduced in the calculation. Furthermore, the lines within the rotational band are close together and
the laser overlays several rotational lines. Therefore, the summation over all lines of the rotational band
is necessary. The function Fk represents the contribution of the k-th line to the band depending on the
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4. LIF of N2(A) metastables in low pressure CCRF discharges

rotational temperature Trot. Hence, the sum over all factors Fk must be one:
∑

k Fk = 1. Altogether, the
LIF cross section is calculated by

σLIF(ωlsr) =
∑

k

Fk

∞∫

0

σk(ω)Glsr(ω,ωlsr)dω. (4.32)

The factors Fk are given by a numerical calculation basing on data from high resolution Fourier spec-
trometry [88] and were already used in [17]. Furthermore, this numerical calculation contains the line
broadening given by the rotational temperature Trot. The extension done here is the overlap of the cross
section σk(ω) from equation (4.30) with the line profile Glsr(ω,ωlsr) from equation (4.31) as defined in
(4.32). Since all measurements were performed at a constant laser wavelength, only the LIF cross section
for λlsr = 687.44 nm is necessary. To proof the calculation, a laser scan was performed and is compared
to the calculated LIF cross sections for different laser wavelength in figure 4.12. The accordance of the

U
L

IF
[V

]
σ

L
IF

[1
0−

18
cm

2 ]

λlsr [nm]

0

0.5

1

686 686.5 687 687.5

4

2

200 Pa, 10 W,−16 V

Trot = 350 K
Trot = 500 K

measurement

calculation

Figure 4.12: Comparison of the time averaged LIF voltage depending on the laser wavelength and the
calculated LIF cross sections for two rotational temperatures.

measurement with the calculations is very good, which underlines the validity of equation (4.32). For
a wavelength of λlsr = 687.44 nm as in the experiment and a rotational temperature of 350 K, the LIF
cross section is σLIF = (3.8± 0.6)× 10−18 cm2. For larger temperatures, the rotational distribution of the
lines shifts to smaller wavelengths, wherefore the cross section decreases in figure 4.12. This has to be
considered when increasing the RF power of the discharge.

Rayleigh cross section

To calculate the differential Rayleigh cross section, one has to specify the observation direction with
respect to the laser beam and its polarisation. In the experiment, the observation direction was perpen-
dicular to the laser beam and perpendicular to the polarisation direction of the laser beam. For the case
of an additional polariser at an angle of θpol in front of the detection system, Bridge et al. [89] calculated

dσRay

dΩ
(θpol) =

(
2πνlsr

c

)4 1
5
α2

cgs

[
3κ2 + cos2 θpol(5 + κ2)

]

=
3

8π
σ

sym.
Ray

1
5

[
3κ2 + cos2 θpol(5 + κ2)

] (4.33)
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with the integral cross section

σ
sym.
Ray =

128π5

3λ4
lsr

α2
cgs. (4.34)

for a symmetric scatterer. αcgs is the molecular polarisability in cgs units and κ its relative anisotropy. For
this experiment without any additional polariser, the differential cross sections for θpol = 0 and θpol = 90◦

are summarised:

dσRay

dΩ
=

dσRay

dΩ
(θpol = 0) +

dσRay

dΩ
(θpol = 90◦)

=
3

8π
σ

sym.
Ray

(
1 +

7
5
κ2

)
.

(4.35)

In principle, this is the cross section for an isotropic scatterer σsym.
Ray with an additional summand due to

the asymmetry and a factor of 3/(8π) describing the anisotropy of the cross section for polarised incident
light as in the case of a laser beam. More recently, Miles et al. [90] published

dσRay

dΩ
=

3
8π
σ

sym.
Ray

(
6 + 3ρ0

6 − 7ρ0

)

︸     ︷︷     ︸
King correction factor

(
2

2 + ρ0

)
=

3
8π
σRay (4.36)

with

σRay =
128π5

3λ4
lsr

α2
cgs

(
6 + 3ρ0

6 − 7ρ0

) (
2

2 + ρ0

)
(4.37)

for the same cross section. Here, ρ0 is the depolarisation which is associated with κ by

ρ0 =
6κ2

5 + 7κ2 . (4.38)

The identity of formulas (4.35) and (4.36) is shown in appendix B.3.2. Inserting αcgs = 1.76 × 10−30 m3

and κ = 0.131 for nitrogen from [89] results in ρ0 = 0.0202 and σRay = 1.87× 10−27 cm2 for the integral
Rayleigh cross section. The value of αcgs = 1.74 × 10−30 cm3 from [91] gives 1.81 × 10−27 cm2. The
simplified formula

σRay = σ̄
(
ν̃ [cm−1]

)4+ε
(4.39)

from [92] with a theoretical value σ̄ = 23.00× 10−45 cm2, an experimental one of 22.94× 10−45 cm2 and
ε = 0.062 results in σRay = 1.877×10−27 cm2 (theoretical) and σRay = 1.870×10−27 cm2 (experimental).
Finally, a total cross section of

σRay = (1.84 ± 0.03) × 10−27 cm2 (4.40)

is taken for the calibration. This value is in between the Rayleigh cross section for air at 650 and 700 nm
[93].
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Cross section ratio

Calculating the ratio of both differential cross sections it remains

dσRay

dΩ

/
σLIF

4π
=

3
2
σRay

σLIF
, (4.41)

which equals the ratio of the integral total cross sections with an additional factor of 3/2.

4.2.4 Rayleigh measurement

The last remaining fraction in equation (4.25) is the ratio of the Rayleigh scatter density nRay to the
normalised Rayleigh signal ŷRay. In principle, this ratio can be calculated from the measured Rayleigh
scattered light in a filled gas chamber and the Rayleigh scatter density. The latter is given by the ideal gas
law nRay = p/(kBTroom). Unfortunately, the scattering of the laser at the electrodes and the walls of the
chamber is larger than the Rayleigh scattering itself. Therefore, the whole scattered signal is measured
for different pressures, as it is shown in figure 4.13. The total scattered signal is the sum of the wall
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Figure 4.13: Normalised strength of the scattering signal depending on pressure. The linear fit gives the
ratio of the Rayleigh scatter density to the strength of the Rayleigh signal.

scattering and the Rayleigh scattering:

ŷscatt = ŷwalls +
ŷRay

nRay

p
kBTroom

. (4.42)

Hence, the slope ∆ŷscatt/∆p of the straight line in figure 4.13 gives the desired ratio

nRay

ŷRay
=

(
∆ŷscatt

∆p

)−1 1
kBTroom

= (2.95 ± 0.07) × 1022 cm−3, (4.43)

calculated with a room temperature of Troom = 295 K.

4.2.5 Absolute densities

Inserting all quantities in equation (4.25) and taking the LIF signal of ŷLIF = 0.425 ± 0.030 from figure
4.5 for a pressure of 200 Pa and an RF input power of 10 W, one ends up with an N2(A3Σ+

u , v = 0)
metastables density of

nA0 = (3.4 ± 0.6) × 1012 cm−3. (4.44)
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4.3 Axial density profiles and parameter variation

4.3 Axial density profiles and parameter variation

Besides the absolute density calibration of the LIF spectroscopy, the dependences of the metastables
density in the CCRF discharge are investigated. Firstly, the pressure is varied and the different loss
processes are analysed on the basis of the axial profiles. Afterwards, the influence of an increasing
RF input power on the axial profiles is discussed. At last, the influence of small oxygen admixtures is
investigated.

4.3.1 Variation of pressure

From the normalised LIF signal strengths ŷLIF of figure 4.6 the absolute N2(A3Σ+
u , v = 0) metastables

densities are calculated and shown in figure 4.14 for pressures from 40 to 1000 Pa. The metastables
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Figure 4.14: Maximal N2(A3Σ+
u , v = 0) metastables density for pressures from 40 to 1000 Pa and com-

parison with literature (^: [65], •: [17]).

density increases with pressure as expected due to the increase of the gas density. However, the increase
is steeper for low pressures and flatter for large pressures. Between 100 and 200 Pa is even a jump, which
might be the result of the RF power dependence, since the discharge at larger pressure needed larger RF
powers to sustain. The dependence of the metastables density on RF power is discussed below in section
4.3.2, showing that a larger RF power reduces the metastables density. Besides the measurement results,
values from the literature are added. The value from [17] fits very good, but this measurement was
performed in a strongly asymmetric discharge with one powered electrode and the chamber walls as
grounded counter electrode. The pressure for the measurement from [65] was much lower, but the value
of the metastables density matches the general trend.

Besides the maximal density, a comparison of the axial density profiles for different pressures is pre-
sented in figure 4.15 (b). For each pressure, the lowest possible RF power was applied to avoid an in-
crease in the rotational temperature and gas temperature, which would cause a slight decrease in the LIF
cross section (see section 4.2.3) and an increase in the effective lifetime of the laser excited state. Further-
more, the axial optical emission profiles of the second positive system (SPS, B3Πg, v = 3→ A3Σ+

u , v = 1)
are shown for comparison in (a), because the de-excitation from the B3Πg state is the most important pro-
duction channel of the A3Σ+

u state [18, 94]. Therefore, the optical emission of the second positive system
reflects the sheath edge as well as the first positive system with a spatial spreading because of the large
lifetimes of the B3Πg state which are in the microsecond range. Looking at figure 4.15 (a), the optical
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Figure 4.15: (a) Optical emission and (b) N2(A3Σ+
u , v = 0) metastables density depending on the distance

from the powered electrode for various pressures.

emission profiles are nearly symmetric. The reason for this is the low RF power causing compara-
ble sheath voltages at both electrodes and therefore a similar electron impact excitation at both sheath
edges. Nevertheless, the emission is slightly larger in front of the powered electrode than in front of the
grounded. Only for 40 Pa, the maximum is shifted towards the grounded electrode. The reason for this
is the large sheath in front of the powered electrode, which is even larger than half of the gap.

Looking at the profiles of the metastables in figure 4.15 (b), the curves are even more symmetric. The
difference between the powered and the grounded electrode is within the error range. For the N2(A3Σ+

u )
molecule with its long lifetime, the place of production is not important, only the loss processes deter-
mine the spatial distribution. To estimate the loss processes, one can consider a cylindrical volume in the
centre of the discharge between the axial positions 2.5 and 7.5 mm with a base area Acyl and a height of
hcyl = 5 mm as indicated by the dashed lines in figure 4.15. Due to the large electrode surface in com-
parison to the discharge gap, the diffusion in the radial direction is neglected and an one-dimensional
discussion is sufficient for the description. For 200 Pa, the density in the cylindrical volume is about
4.0× 1012 cm−3. The corresponding density of the background gas is nN2 = p/kBTgas = 4.8× 1016 cm−3,
assuming a gas temperature of Tgas = 300 K, which is an underestimation because of the gas heat-
ing, but useful because most rates are given for room temperature. The first possible quenching pro-
cess for metastables are collisions with the background gas. For the A3Σ+

u state an upper limit of
kA0,N2 = 3.0 × 10−16 cm3 s−1 [44, 95] is taken for the rate coefficient. This results in a rate of 14 s−1

for the quenching by the background gas. The competing loss process in the volume are the pooling
reactions (1.8) and (1.6), the collision of two metastables. A rate of 4 × 10−10 cm3 s−1 is given in [44]
for the reaction of two N2(A3Σ+

u ) molecules. Hence, the rate for losses by the pooling reaction of two
metastables is 1.6 × 103 s−1 at 200 Pa. In comparison with the quenching by the background gas, the
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4.3 Axial density profiles and parameter variation

Table 4.1: Densities of important quenching partners and the corresponding quenching rates at 300 K for
40, 200 and 1000 Pa.

Ref. 40 Pa 200 Pa 1000 Pa

Density of N2(X1Σ+
g ) nN2 9.7 48 240 1015 cm−3

Density of A3Σ+
u , v = 0 nA0 ∼ 0.6 ∼ 4.0 ∼ 7.1 1012 cm−3

Density of O2 for 1 % admixture nO2 5 1014 cm−3

N2(A3Σ+
u ) + N2(X1Σ+

g )→ prod. nN2 · 3.0 × 10−16 cm3s−1 [44] 2.9 14 72 s−1

N2(A3Σ+
u ) + N2(A3Σ+

u )→ prod. nA0 · 4 × 10−10 cm3s−1 [44] 240 1600 2800 s−1

N2(A3Σ+
u ) + O2 → prod. nO2 · 2.5 × 10−12 cm3s−1 [44] 1200 s−1

Table 4.2: Calculation of the diffusion losses in the discharge centre for 40, 200 and 1000 Pa.

40 Pa 200 Pa 1000 Pa

mean axial density gradient dnA0/dz at 2.5 and 7.5 mm 1.3 8.7 14 1012 cm−4

relative axial density gradient dnA0/dz/nA0 2.2 2.2 2.0 cm−1

diffusion coefficient D for N2(A3Σ+
u ) in N2 525 105 21 cm2s−1

diffusion current density Jdiff = DdnA0/dz 6.8 9.1 2.9 1014 cm−2s−1

loss rate by diffusion 2Jdiff/0.5 cm/nA0 4600 910 170 s−1

pooling reaction is two orders of magnitude larger. The same calculations are done for 40 and 1000 Pa,
which is summarised in table 4.1.

Besides the volume processes, diffusion to the electrodes is important. To estimate this effect,
the N2(A3Σ+

u , v = 0) density gradient is determined by a linear fit around the axial positions of 2.5
and 7.5 mm. This is shown in figure 4.15 by the solid lines. The mean value of both slopes is
dnA0/dz = 8.7 × 1012 cm−4. The diffusion coefficient D for the metastables in nitrogen is given by
Dp = 2.1 × 104 Pa cm2 s−1 [96], from which a diffusion coefficient of D = 105 cm2 s−1 is calculated
for 200 Pa. The diffusion current density at the top and the bottom of the cylinder is Jdiff = DdnA0/dz =

9.1 × 1014 cm−2 s−1. Hence, the diffusion current to one electrode is JdiffAcyl and the diffusion loss rate
2JdiffAcyl/Vcyl/nA0 = 2 j/dcyl/nA0 = 9.1 × 102 s−1. The same calculation is done for the other pressures
as shown in table 4.2.

For comparison of the different loss mechanisms, the results are plotted in figure 4.16. Firstly, the
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Figure 4.16: Comparison of the loss rates for N2(A3Σ+
u ) metastables depending on pressure.
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4. LIF of N2(A) metastables in low pressure CCRF discharges

quenching by the pooling reaction is always much larger than by the background gas. The reason is
the uniform increase of the metastables density with the gas pressure. Hence, both rates increase with
pressure. In contrast, the diffusion loss rate decreases with pressure. Despite of the increase of the density
gradient dnA0/dz with pressure, the relative density gradient dnA0/dz/nA0 remains nearly constant (see
table 4.2). The decreasing factor is the diffusion coefficient, which is inverse proportional to the pressure.
The comparison of the three loss processes shows that losses by diffusion are most important at low
pressure. For 200 Pa, the loss rates given by the pooling reaction and the diffusion are comparable and
for larger pressure the pooling reaction dominates in the centre of the discharge. Nevertheless, in front
of the electrodes the diffusion losses are still dominant.

4.3.2 Variation of RF power

Another important parameter variation is the increase in discharge power. The dependence of the axial
metastables density profiles on the discharge power is shown in figure 4.17 (b) in comparison with the
axial optical emission profiles in (a) for a pressure of 200 Pa. Starting with the optical emission in (a),
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Figure 4.17: (a) Optical emission and (b) N2(A3Σ+
u , v = 0) metastables density depending on the distance

from the powered electrode for various RF power at 200 Pa.

one can see the increase of the asymmetry of the discharge with the increase in the absolute value of
the self-bias. The maximum of the emission is shifted towards the powered electrode, because the mean
sheath voltage at the powered electrode becomes larger in comparison to the grounded one. In contrast,
the spatially averaged optical emission remains the same.

The curves for the N2(A3Σ+
u , v = 0) metastables density in (b) differ from the optical emission in (a).

The metastables density profiles are nearly symmetric, only a small increase at the powered electrode in
comparison to the grounded electrode is visible. Furthermore, a strong decrease in metastables density
is observed for an increase in RF power. From other measurements at lower pressures and larger gaps
one would expect an increase in density, regardless of whether a capacitively coupled RF discharge [18]
or an inductively coupled RF discharge [97] was used. The first reason for this difference to the results
in literature might be a temperature dependence of calibration constants. As already discussed in section
4.1.4, the influence of the gas temperature on the effective lifetime is negligible. The only remaining
temperature dependent calibration constant is the LIF cross section σLIF. This was shown in figure 4.12
in section 4.2.3. The rotational distribution of the B3Πg, v = 3↔ A3Σ+

u , v = 0 band depends on the rota-
tional temperature, which is assumed to be the same as the gas temperature. For a temperature increase of
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4.3 Axial density profiles and parameter variation

Table 4.3: Densities of important quenching partners and the corresponding loss rates due to quenching
and diffusion at 200 Pa and different expected gas temperatures.

Ref. 10 W 30 W 50 W

Expected gas temperature Tgas 300 400 500 K
Density of N2(X1Σ+

g ) nN2 = p/(kBTgas) 4.8 3.6 2.9 1016 cm−3

Density of A3Σ+
u , v = 0 nA0 ∼ 3.9 ∼ 2.5 ∼ 1.6 1012 cm−3

N2(A3Σ+
u ) + N2(X1Σ+

g )→ prod. kA0,N2 [44] 3.0 3.5 3.9 10−16 cm3s−1

nN2 · kA0,N2 14 13 11 s−1

N2(A3Σ+
u ) + N2(A3Σ+

u )→ prod. kpool [44] 4 4.6 5.2 10−10 cm3s−1

nA0 · kpool 1600 1200 830 s−1

mean axial density gradient dnA0/dz at 2.5 and 7.5 mm 8.7 4.6 3.6 1012 cm−4

diffusion coefficient D(Tgas) for N2(A3Σ+
u ) in N2 105 162 226 cm2s−1

diffusion current density Jdiff = DdnA0/dz 9.1 7.4 8.1 1014 cm−2s−1

loss rate in discharge centre by diffusion 2Jdiff/0.5 cm/nA0 940 1200 2000 s−1

total loss rate 2540 2400 2830 s−1

150 K from 350 K to 500 K the LIF cross section decreases from 3.8×10−18 cm2 to 2.8×10−18 cm2, which
would result in an about 25 percent lower LIF signal. Since this temperature effect was not regarded in
the calculation of absolute densities, it is one important reason for a lower measured metastables density.
The second reason might be an increase in losses by quenching or diffusion. Therefore, the loss rates are
calculated as in the previous section for 200 Pa and three assumed temperatures of 300, 400 and 500 K.
The results are summarised in table 4.3. The density of the background gas is nN2 = p/(kBTgas) and is
inversely proportional to the feeding gas temperature Tgas. The rate coefficients should be proportional
to the mean thermal velocity in the first approximation. The mean thermal velocity is proportional to
the square root of the gas temperature, hence, one can write for the temperature dependence of the rate
coefficients

kA0,N2(Tgas) = kA0,N2(300 K)

√
Tgas

300 K
(4.45)

and

kpool(Tgas) = kpool(300 K)

√
Tgas

300 K
. (4.46)

As a result, the loss rate nN2kA0,N2 for collisions with the background gas is inverse proportional to the
square root of the gas temperature and decreases slightly with increasing gas temperature. The loss rate
nA0kpool decreases much stronger, since the metastables density decreases even stronger for increasing
RF power. Looking at the diffusion coefficient D = 1/3`v̄th, it is proportional to the mean free path
` of the nitrogen metastables and proportional to the mean thermal velocity v̄th. Since the mean free
path ` is proportional to the gas temperature Tgas at a constant pressure and the mean thermal velocity
v̄th proportional to the square root of the gas temperature, the temperature dependence of the diffusion
coefficient is

D(Tgas) = D(300 K) ·
(

Tgas

300 K

)3/2

. (4.47)
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4. LIF of N2(A) metastables in low pressure CCRF discharges

This results in an increasing loss rate by diffusion. Although the density gradient dnA0/dz decreases with
RF power, the relative density gradient (dnA0/dz)/nA0 is nearly the same for all axial profiles in figure
4.17. Hence, only the temperature dependence of the diffusion coefficient has influence on the total loss
rate by diffusion.

The third explanation for the decrease in metastables density is a decrease in the production rate of
the metastables for increasing RF power. As already mentioned, the most probable production channels
are the electron impact excitation of the C3Πu and B3Πg states, followed by transitions to the A3Σ+

u state.
As shown in section 4.1.3, the main de-excitation channel of the B3Πg, v = 3 state is quenching by the
background gas, which is therefore the main production channel of the A3Σ+

u , v = 0 state. The rate of this
process is

KA
B,N2

= kA
B,N2

n̄BnN2 . (4.48)

As assumed in section 4.1.4, the rate coefficient kA
B,N2

should be proportional to the square root
√

Tgas of
the gas temperature. As shown in equation (3.20), the optical emission ūOES of the B3Πg, v = 3 state in
the plasma is proportional to its mean density n̄B3 , that means approximately to the mean density n̄B of
the entire B3Πg state. The background gas density nN2 is still inverse proportional to gas temperature.
Summarising, the rate KA

B,N2
is proportional to T−1/2

gas ūOES. As discussed, the spatially averaged optical

emission ūOES is nearly constant for increasing temperature, so only the factor T−1/2
gas remains. Altogether,

the production rate of A3Σ+
u from B3Πg decreases weakly with temperature. Looking back at the loss

rates, and adding the loss rates due to the pooling reaction and the diffusion, the total loss rate is nearly
the same for increasing RF power and temperature, respectively. In conclusion, the production and total
loss rate of the A3Σu state remain the same for increasing RF power. The larger diffusion losses are
compensated by a lower metastables density, wherefore the losses by the pooling reaction decrease.

4.3.3 Influence of oxygen admixtures

Oxygen can have a strong influence on the metastables density due to an effective resonant quenching
process. Thus, it is useful to investigate the influence of oxygen admixtures in CCRF discharges as well.
In table 4.1, the loss rate for the quenching of the N2(A3Σ+

u ) metastable by oxygen is added in the last row.
With an about four orders of magnitude larger rate coefficient of 2.5×10−12 cm3 s−1 for the quenching by
oxygen in comparison to the upper limit of 3 × 10−16 cm3 s−1 for the quenching by the background gas,
the total quenching rate at 1 % oxygen admixture is two orders of magnitude larger than in pure nitrogen.
Hence, the quenching by oxygen is comparable to the losses by the pooling reaction in figure 4.16,
therefore the metastables density should decrease significantly for oxygen admixtures of 1 %. To proof
this, the optical emission and the metastables density were measured for oxygen admixtures between 0.5
and 2 %. Unfortunately, it was not possible to keep the RF power and self-bias constant when adding
oxygen, therefore the optical emission and the metastables density depending on the self-bias are plotted
in figure 4.18 (a) and (b), respectively. Starting again with the optical emission in (a) and the pure
nitrogen case, one can see that the optical emission remains constant for increasing self-bias, which was
already discussed in the previous section. In contrast to that, the optical emission increases with the
self-bias when adding oxygen. The reason is unclear, but the electronegative character of oxygen should
change the density and energy of the exciting electrons drastically.

The metastables density in (b) behaves very different. In pure nitrogen, the density decreases with
increasing self-bias because of the larger diffusion losses, which was discussed in the previous section.
The curves for 0.5 and 1 % of oxygen start at an about 2.5 times lower value than for pure nitrogen,
but increase afterwards and even larger densities than for pure nitrogen are reached. The curve for 2 %
oxygen admixture is below all other curves.
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Figure 4.18: (a) Spatially averaged optical emission and (b) spatially averaged N2(A3Σ+
u , v = 0) metasta-

bles density depending on self-bias voltages for pure nitrogen and small oxygen admixtures
at 200 Pa.

The lower density with oxygen for low self-biases is easily explained by the larger losses of metasta-
bles due to quenching with oxygen. To explain the increases for increasing self-bias, the correlation of
the optical emission with the production of the A3Σ+

u state from the B3Πg state is suitable. The increas-
ing optical emission shows an increase of the B3Πg state, and therefore an increase of the metastables
density. From the optical emission one can estimate a 5 times larger production rate of the N2(A3Σ+

u )
metastables at an oxygen admixture of 0.5 % and a self-bias of −200 V. Together with the 2.5 times
larger loss rate, it remains a factor of two for the metastables density, which confirms qualitatively the
metastables behaviour in figure 4.18 (b). For larger oxygen admixtures, the optical emission remains the
same, but the loss rate increases, wherefore the metastables density becomes lower.
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5 Laser-induced fluorescence spectroscopy of
N2(A) metastables in atmospheric pressure
barrier discharges

The measurement of the A3Σ+
u density in atmospheric pressure barrier discharges by laser-induced flu-

orescence spectroscopy (LIF) is much more difficult than in the low pressure case. Firstly, the larger
quenching of the excited state results in a shorter LIF signal and needs a better temporal resolution for
its measurement. Again, the effective lifetime of the excited state is estimated by equation (3.5). With
kB3,N2 = 2.54×10−11 cm3 s−1 from [79] this results in τeff = 1.9 ns for a pressure of 1 bar and a gas temper-
ature of Tgas = 350 K, which is even shorter than the laser pulse duration of about 10 ns. With a fluores-
cence rate of AB3→A1 = 6.446×104 s−1 [78], the fluorescence yield is only about AB3→A1τeff = 1.1×10−4.
The second difficulty arises from the small dimensions of the barrier discharge. On the one hand, this de-
mands a more precisely alignment of the laser beam and diagnostics, and on the other hand, the amount of
background scattering is large in comparison to the LIF signal. The third point, making the measurement
more complicated, concerns the spatio-temporally behaviour of the barrier discharge. In the filamentary
mode, the microdischarges are randomly distributed in space and time. Hence, the laser pulse has to be
triggered by these microdischarges and the laser beam has to hit the microdischarges in space.

5.1 Time resolved signals

As for the low pressure RF discharge, the task for the absolute density calculation is still the measurement
of the ratio RLIF/Ray from the LIF and Rayleigh measurements. Unfortunately, the effective lifetime
of the laser-excited B3Πg, v = 3 state is in the nanosecond range at atmospheric pressure, that means
comparable to the laser pulse duration and the delay given by the photomultiplier tube. As a consequence,
one cannot determine ŷLIF and ŷRay independently from the measurement because of the unknown time
dependent laser pulse and photomultiplier delay. The alternative is the direct use of equation (3.26) to
get RLIF/Ray from the comparison of the LIF with the Rayleigh signal. This is presented in this section,
beginning with an exemplary calculation of the expected signals to visualise their time dependence.
Afterwards, the different measurements of the LIF and Rayleigh signal are shown. Both signals are
compared to each other to determine effective lifetimes for pressures from 100 to 1000 mbar.

To get an idea of the time dependent LIF and Rayleigh signals and their differences it is useful to
visualise the calculated equations (3.18) and (3.23) from chapter 3. For the visualisation, a Gaussian
temporal shape

flsr(t) =
1

Tlsr
√

2π
exp

−
1
2

(t − t0)2

T 2
lsr

 (5.1)

of the laser pulse at t0 with a duration of Tlsr is assumed. As shown in equation (3.18), the LIF signal
uLIF(t) is the convolution of the laser pulse flsr(t) with an exponential decay geff, given by the effective
lifetime, and the impulse response function gPMT(t) of the photomultiplier circuit. This convolution is
calculated for τeff = 4Tlsr and τPMT = 2Tlsr and shown in figure 5.1. Looking at the LIF signal, it has an
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flsr(t) gPMT(t)geff(t) uLIF(t)

∗ ∗ =

Figure 5.1: Sketch of the LIF signal as the convolution of the laser pulse with the decays due to the finite
effective lifetime of the excited state and the photomultiplier circuit.

flsr(t) gPMT(t) uRay(t)

∗ =

Figure 5.2: Sketch of the Rayleigh signal as the convolution of the laser pulse with the decay due to the
photomultiplier circuit.

increasing slope similar to the one of the laser pulse flsr(t), whereas the decreasing slope is given by the
slowest decay, which is the decay due to the effective lifetime geff for this example. Furthermore, one
can see that the maximum is clearly shifted in time in relation to the maximum of the laser pulse.

The same calculation is done for the Rayleigh signal uRay(t) in figure 5.2, based on equation (3.23)
with the same photomultiplier time constant of τPMT = 2Tlsr. Comparing the Rayleigh signal uRay(t)
with the laser pulse flsr(t), the increasing slope is again given by the laser pulse and the decreasing slope
is determined by the decreasing slope of the impulse response function gPMT(t) of the photomultiplier
circuit. The temporal shift of the maximum in relation to the laser pulse is visible as for the LIF signal.

The comparison of the Rayleigh signal with the LIF signal regarding equation (3.26) is shown in figure
5.3. As expected, the maximum of the LIF signal is reached later and the decay afterwards is slower.

geff(t)uRay(t) uLIF(t)

∗ =

Figure 5.3: Sketch of the LIF signal as the convolution of the Rayleigh signal with the exponential decay
due to the effective lifetime.

At this point, the actual time dependence of the laser pulse and the impulse response function of the
photomultiplier circuit are irrelevant, because they are already implied in both signals.
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5.1 Time resolved signals

5.1.1 Measurement of the LIF signal

As pointed out at the beginning of this chapter, the measurement of the LIF signal is not as simple as
in the low pressure case. For the analysis of the time resolved LIF signal presented in this section, the
pin-to-plane discharge configuration presented in figure 2.1 in section 2.1.3, operating in the filamentary
mode, was used. To get a sufficient large number of metastables for a large LIF signal, an applied
voltage with a frequency of 5 kHz and a large amplitude were chosen to ignite many microdischarges in
a half cycle. For example, for a pressure of 500 mbar, the amplitude of the applied voltage amounted to
Ûappl = 5.25 kV. The laser was fired at the maximum of the applied voltage, which is 50 µs after the zero
crossing of the applied voltage. Furthermore, the laser beam was positioned nearby the upper electrode,
since the maximum of the metastables density was expected to be in front of the anode.

To get a smooth LIF signal and to get rid of the background scattering, an alternating measurement
procedure was applied. It started with 1000 laser pulses with discharge on and continued with the same
number of laser pulses with discharge off. This procedure was repeated 50 times, which led to a total
number of 2 × 1000 × 50 = 105 laser pulses. The corresponding measurement time was about 3 hours.
The averaged measured voltage uon(t) with the barrier discharge is plotted together with the voltage uoff(t)
without discharge in figure 5.4. Both voltages show a similar shape, but are different in amplitude. Fur-
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Figure 5.4: Time dependent voltage with the barrier discharge on and off at 500 mbar.

thermore, they show at the beginning reproducible ringing effects from the oscilloscope. The difference
of both voltages is the demanded LIF voltage uLIF(t) = uon(t) − uoff(t). It is about ten times smaller than
uoff(t) and shows no ringing effects from the oscilloscope.

5.1.2 Measurement of the Rayleigh signal

To compare the Rayleigh signal with the LIF signal, both have to be measured at equal conditions. As in
the low pressure experiment, it was tried to measure the Rayleigh signal in the discharge configuration as
for the LIF experiment. Unfortunately, the laser scattering at the boundaries was too large in comparison
to the Rayleigh scattering to measure the Rayleigh signal in the discharge configuration. Hence, the
only opportunity to get a smooth Rayleigh signal was the removal of the discharge configuration from
the vacuum chamber. As a consequence, the ratio of the detection solid angles ΩRay/ΩLIF does not
cancel out in equation (3.30) and is calculated below in section 5.4.2. Another important diagnostics
parameter is the applied photomultiplier voltage. It determines the transition time of the electrons in
the photomultiplier tube, and consequently the delay of the electrical signal with respect to the incident
light. For a comparison of the time dependent LIF with the Rayleigh signal, this delay should be the
same. Because of the small LIF signal, the largest possible photomultiplier voltage of UPMT = −1250 V
was chosen. Using this voltage for the Rayleigh measurement without attenuation, the signal would be
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5. LIF of N2(A) metastables in atmospheric pressure barrier discharges

saturated because of the large intensity of the scattered light. Therefore, again an additional NG3 neutral
density filter was used in front of the monochromator for the Rayleigh measurement.

Although the Rayleigh measurement was performed in the vacuum chamber without the discharge
configuration, the laser scattering from the chamber walls was still present. To reduce this background
scattering, the tubes of the vacuum chamber holding the entrance and exit window of the laser beam were
covered with black paperboard to avoid reflections from the stainless steel of the chamber. Besides, the
tube holding the exit window for the fluorescence was covered with black paperboard. The reduction of
the background scattering by the black paperboard almost two orders or magnitude, as shown in appendix
A.4.4. After this preparation, the entire normalised scattering signal (compare equation (4.9) in section
4.1.1)

yScatt(t) =
uScatt(t)

Ulsr
(5.2)

was measured at vacuum and 1 bar CO2 as shown in figure 5.5. The difference of both signals is the
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Figure 5.5: Time dependent scattering signals without the discharge configuration in a filled and empty
vacuum chamber.

Rayleigh signal. As visible, for this experimental conditions the Rayleigh signal is clearly larger than
the scattering from the chamber walls. The scattering from the chamber wall reaches its maximum later
than the Rayleigh signal, which shows that the background scattered light has a longer optical path than
the Rayleigh scattered light. Also visible is the symmetry in time of the Rayleigh signal, that means the
exponential decay due to the photomultiplier circuit is negligible in comparison to the pulse duration of
the laser.

To be sure that the determined signal comes actually from Rayleigh scattering, some additional mea-
surements as a pressure variation and the use of a polarisation filter in front of the monochromator are
carried out in appendix A.4.
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5.1 Time resolved signals

5.1.3 Comparison of laser-induced fluorescence with Rayleigh scattering

After measuring the LIF and Rayleigh signal it is obvious to present both signals in one diagram. This is
shown in figure 5.6 (a) for the normalised LIF signal (compare equation (4.9) in section 4.1.1)

yLIF(t) =
uLIF(t)

Ulsr
, (5.3)

measured at a pressure of 500 mbar. As expected from the sketch in figure 5.3 in section 5.1, the max-

y L
IF
·1

03 ,
y R

ay
·5

8

time [ns]
20 30 40 50 60 70

0

0.2

0.4
yLIF

(a)

yRay

y L
IF
·1

03 ,
y R

ay
·5

8
time [ns]

20 30 40 50 60 70
0

0.2

0.4

τeff = 2.4×10−9 s
RLIF/Ray = 4.1×102

yLIF

yRay ∗ geff

(b)

yRay

Figure 5.6: (a) Comparison of the time dependent LIF signal at 500 mbar with the Rayleigh signal and
(b) fit of the convolution of the Rayleigh signal with an exponential decay to the LIF signal.

imum of the Rayleigh signal appears earlier than the LIF signal. Furthermore, the duration of the LIF
signal is slightly larger, but not much larger as sketched. This shows that the delay due to the effective
lifetime is only in the order of the laser pulse and not four times larger as chosen for the sketch in figure
5.3.

To get the effective lifetime from the comparison of both signals, a fit of the expected signal shape
to the normalised LIF signal is recommended. The LIF signal is the convolution of the Rayleigh sig-
nal with an exponential decay as shown in equation (3.26) in chapter 3. The saturation factor becomes
unity, since the saturation coefficient s is zero for the measurements in the barrier discharge (see sec-
tion 5.4.1). Both the LIF and the Rayleigh signals are measured, the unknown quantities are the ef-
fective lifetime and the ratio RLIF/Ray. Therefore, both quantities are varied in a fitting procedure, until
RLIF/RayAB3→A1(yRay ∗ geff)(t) fits yLIF(t). This procedure is schematically shown in figure 5.7. The re-
sulted fit curve is plotted in figure 5.6 (b). The agreement of the fit with the LIF signal is very good.
The delay of the maximum of the LIF signal with respect to the Rayleigh signal and the decay after the
maximum are reproduced very well. Both are determined by the effective lifetime τeff. The ratio RLIF/Ray
determines the amplitude of the fit curve, but has no influence on its shape. Nevertheless, it is the needed
ratio for the absolute density calculation. Its order of magnitude is 102, although the amplitude of the
Rayleigh signal is larger than the amplitude of the LIF signal. The reason for this apparent contradiction
is the inclusion of the fluorescence yield AB3→A1τeff in the fitting routine.

uRay(t) geff(t) uLIF(t)

∗ =

Figure 5.7: Sketch of the variation of the effective lifetime to fit the convolution of the measured
Rayleigh signal with an exponential decay to the measured LIF signal.
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5. LIF of N2(A) metastables in atmospheric pressure barrier discharges

5.1.4 Pressure dependence of the effective lifetime

The advantage of the presented calculation of the ratio RLIF/Ray by the fitting procedure is the implicit
measurement of the effective lifetime of the excited B3Πg, v = 3 state, which is necessary to calculate
the ratio of the fluorescence rate to the losses by collisional quenching. To estimate the uncertainty of
this method, the dependence of the effective lifetime on pressure is recommended as for low pressure
(compare section 4.1.3). Hence, the time dependent normalised LIF signals were measured for various
pressures between 100 and 1000 mbar, which is shown in figure 5.8. Furthermore, the convolution
RLIF/RayAB3→A1(yRay ∗ geff)(t) of the Rayleigh signal with the exponential decay given by the effective
lifetime is fitted to the measured normalised LIF signal yLIF(t) by varying RLIF/Ray and τeff. Looking
firstly at the right column of figure 5.8 with pressures below 500 mbar, the fit works very well. The
delay of the LIF signal in comparison with the Rayleigh signal is clearly visible as for 500 mbar in
figure 5.6. The delay is determined by the effective lifetime τeff of the excited state and increases for
decreasing pressure due to less collisions with the background gas. On the left hand side of figure 5.8,
the measurements for pressures above 500 mbar are shown. For these pressures, the LIF signal deviates
from the expected behaviour. After the fast decay of the LIF signal after the maximum, as slow decay
follows in some cases (at 1000, 700 and 600 mbar). The reason might be collisional coupling of the
excited B3Πg, v = 3 state with the neighbouring states, as the W3∆u state or high vibrationally excited
A3Σ+

u states as discussed for the low pressure signals in section 4.1.5. The result of this collisional
coupling is a double or even multi exponential decay of the LIF signal. For the determination of the
absolute density, only the fast depletion of the excited B3Πg, v = 3 at the very beginning is important.
At this time the backward reactions from the neighbouring states are neglected. Therefore, only the first
part of the LIF signal is used for the fitting procedure. Nevertheless, the temporal resolution is not good
enough to distinguish the effective lifetimes from pressures between 700 and 1000 mbar. A decrease of
the effective lifetime with increasing pressure is no longer visible for this pressure range.

Besides the LIF signals, the corresponding measurements of the background scattering are shown in
the bottom row of figure 5.8. As already discussed, the background scattering is mostly ten times larger
than the LIF signal. As it is expected, the temporal shape of the background scattering does not depend
on pressure. Only a small shift of the maximum by about one nanosecond is visible, which must be
assumed to be the error for the determination of the effective lifetime. Hence, the effective lifetimes for
the measurements between 700 and 1000 mbar have a large percentage error, which illustrates the larger
lifetime at 900 mbar in comparison to 800 mbar. The different amplitude of the background scattering
signals is probably caused by slightly changes in the discharge position when evacuating the chamber.
It is shown below in section 5.3.2 that the background scattering increases steeply when moving the
laser to the dielectrics. Hence, a small change in discharge position results in a large change of the
background scattering signal. Fortunately, this should not effect the LIF measurement, because during
one measurement in figure 5.8 the pressure was kept constant.
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Figure 5.8: Fit of the convolution of the Rayleigh signal with an exponential decay to the time dependent
LIF signal for various pressures. For comparison, the Rayleigh signal and the background
scattering are shown.
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5. LIF of N2(A) metastables in atmospheric pressure barrier discharges

To have a look at the quantitative dependence of the effective lifetime on pressure it is advisable to
draw a Stern-Volmer plot as in figure 5.9, in which the effective decay rate τ−1

eff
is plotted versus pressure.

The general visible trend is an increase of the effective decay rate with pressure, corresponding to a
τ−

1
eff
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Figure 5.9: Stern-Volmer plot of the determined effective decay rate versus pressure in comparison to
straight lines considering quenching by the background gas to be dominant (Tgas = 350 K).

decrease in the effective lifetime. Only for larger pressures there are some fluctuations between 700
and 1000 mbar, which are caused by the limited temporal resolution. Regarding equation (3.5), the
measurement points should be on a straight line

τ−1
eff = kB3,N2nN2 = kB3,N2

p
kBTgas

, (5.4)

if the collisional quenching of the excited B3Πg, v = 3 state is mostly caused by the background gas.
As visible in figure 5.9, this is not the case for all measurement values, but for pressures from 100 to
600 mbar they are nearby the line given by a rate coefficient of 4×10−11 cm3 s−1 and a gas temperature of
Tgas = 350 K. This is clearly above the rates of 2.5×10−11 cm3 s−1 from [79] and 1.7×10−11 cm3 s−1 from
[80] as well as below the rate of 9 × 10−11 cm3 s−1 from [80]. The latter considers collisional coupling
of the B3Πg, v = 3 state with neighbouring states. In contrast to the Stern-Volmer plot concerning the
low pressure capacitively coupled radio-frequency discharge (figure 4.7 in section 4.1.3), the pressure
dependence of the effective decay rates does not indicate two different time constants. A fitting routine
with two exponential decays based on the collisional coupling model presented in section 4.1.5 might
consider better the slow decay of the signal at the end, but it would have four fit parameters. Hence, such
a fitting routine would not be convincing.

5.1.5 Determination of the ratio of the LIF to the Rayleigh signal

The essential factor for the calibration is the ratio RLIF/Ray of the LIF to the Rayleigh signal. This ratio
is already given by the fitting procedure shown in figure 5.6 (b), but without any error estimation. As
shown in the previous section, the effective lifetime as one fit parameter can vary in a large range and
the corresponding decay rates deviate from a straight line. This uncertainty in the decay rate effects
the uncertainty of the ratio RLIF/Ray. Thus, it is better to calculate the ratios for an interval of given
decay rates. Looking at figure 5.9, the effective decay rates for pressures up to 600 mbar are between
the straight lines corresponding to rate coefficients kB3,N2 between 4 × 10−11 and 6 × 10−11 cm3 s−1.
These rate coefficients are used to calculate an upper and lower limit for the effective lifetime using
equation (5.4) and an assumed gas temperature of Tgas = 350 K. With these fixed effective lifetimes,
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5.1 Time resolved signals

the previously introduced fitting procedure is repeated, varying only the ratio RLIF/Ray. Thus, the shape
of the fit curve is fixed and only its height changes during the fitting procedure. In 5.10 (a), the fitted
curves RLIF/RayAB3→A1(yRay ∗ geff)(t) are shown for 500 mbar and in (b) for 1000 mbar. As visible in the
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Figure 5.10: Fit of the convolution of the Rayleigh signal with an exponential decay to the time depen-
dent LIF signal with different fixed effective lifetimes for (a) 500 and (b) 1000 mbar.

figure, the curves move to later times for decreasing rate coefficients and increasing effective lifetimes.
Comparing the fitted signals with the LIF signal for 500 mbar, the third curve with τeff = 2.4 ns fits
best, which agrees to the effective lifetime from the two parameter fit in the previous section 5.1.4. The
upper curves deviate stronger from the LIF signal. For 1000 mbar, the situation is reversed. The smallest
effective lifetime fits best, whereas the fit at the bottom reaches its maximum clearly after the LIF signal.
The ratio RLIF/Ray varies from 410 to 550 at 500 mbar and from 600 to 840 at 1000 mbar. Hence, one can
assume that the ratio is

RLIF/Ray = 480 ± 70 at 500 mbar (5.5)

and

RLIF/Ray = 725 ± 125 at 1000 mbar. (5.6)

The values show that RLIF/Ray is larger at 1000 mbar, despite the larger LIF signal at 500 mbar in figure
5.10. The reason is the influence of the effective lifetime of the excited state, which shortens on the one
hand the LIF signal and reduces the signal height on the other hand.
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5. LIF of N2(A) metastables in atmospheric pressure barrier discharges

5.2 Time averaged LIF signals

Due to the low fluorescence yield an LIF measurement at atmospheric pressure is very time-consuming.
It would take too long to record always a sufficient good time resolved LIF signal and to perform the
fitting procedure to get RLIF/Ray. Fortunately, the shape of the LIF signal depends only on the effective
lifetime which is constant for a fixed pressure. The slight changes with temperature are neglected, since
the gas temperature in a barrier discharge is only little above room temperature [24–28]. Assuming that
the shape of the LIF signal does not change, the time averaged LIF signal should be proportional to the
metastables density. The time averaged LIF signal is defined as

YLIF =
103

100 ns

100 ns∫

0

yLIF(t) dt =
103

100 ns

500∑

i=1

yLIF(ti) · 0.2 ns

= 2 ·
500∑

i=1

yLIF(ti).

(5.7)

This time averaged LIF signal is in principle the same as the voltage measured by the boxcar averager in
equation (4.2), but with a gate delay of 0 and a gate width of Tgw = 100 ns. Furthermore, the signal pulse
is completely between 0 and Tgw and the gain is B = 103. The averaging of the LIF signals in figure 5.10
gives

YLIF = 0.057 at 500 mbar (5.8)

and

YLIF = 0.054 at 1000 mbar. (5.9)

It shows that in spite of the different ratios RLIF/Ray, the normalised time averaged LIF signal is nearly
equal due to the lower losses by quenching at 500 mbar.
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5.3 Alignment of the LIF experiment

5.3 Alignment of the LIF experiment

The smaller dimensions of the discharge configuration require a careful alignment of the optical diagnos-
tics. In contrast to the low pressure discharge, the discharge configuration was fixed in the centre of the
vacuum chamber. Hence, the laser position as well as the position of the detection system were varied
with respect to the discharge configuration to measure spatial dependences. This section deals with the
determination of their position with respect to the discharge configuration.

5.3.1 Detection optics

Firstly, a rough alignment of the detection optics was done by illuminating the discharge configuration
from the opposite side of the detection optics. The lens position was slightly varied along the optical
axis until a sharp shadowed image was visible in the plane of the monochromator slit. Afterwards, the
monochromator was moved horizontally until the vertical slit of the monochromator was in the position
of the shadow from the metallic needle sticking out of the MACOR® cylinder (compare figure 2.1 in
section 2.1.3). The horizontal slit in front of the monochromator was placed afterwards. With a height
of 0.3 mm it was smaller than the image of the illuminated discharge gap, which had a vertical extent of
about 1 mm. As a result, the lens had to be moved to observe different vertical positions within the gap.
To correlate a specific lens position with a vertical position within the gap, the discharge configuration
was again illuminated from the opposite side and the light intensity was measured for different detection
lens positions. The corresponding measured voltage is shown in figure 5.11. The obtained curve is nearly
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Figure 5.11: Measured intensity for different vertical positions of the detection lens while illuminating
the discharge gap from behind.

symmetric and has its maximum at about hlens = 10.05 mm. Its full width at half maximum (FWHM) is
about 0.5 mm, from hlens = 9.8 mm to 10.3 mm. Because of the lens position halfway between the centre
of the discharge configuration and the monochromator, the image in the plane of the monochromator
slit moves twice the way the lens moves when changing the vertical lens position. Hence, the FWHM of
about 0.5 mm agrees very well with the gap width of 1 mm of the discharge configuration. The correlation
of the vertical position in the discharge gap z with the lens position hlens is

z = 2 · (10.05 mm − hlens) = 20.1 mm − 2hlens. (5.10)

The edge of the BSO crystal is located at z = −0.5 mm and the edge of the glass plate is at 0.5 mm.
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5. LIF of N2(A) metastables in atmospheric pressure barrier discharges

5.3.2 Vertical laser position

The laser beam was vertically and horizontally movable by shifting the tilted mirrors and the focussing
cylindrical lens. To relate the vertical laser position hlsr with the discharge gap, the time averaged voltage
of the scattered light UScatt and the laser pulse energy voltage Ulsr were measured while varying the
vertical laser position. The results for a detection lens position of hlens = 10.0 mm are shown in figure
5.12. Looking first at the laser pulse energy voltage Ulsr, it has a plateau in the centre and decreases
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Figure 5.12: (a) Time averaged voltage of the scattered laser light and (b) laser pulse energy voltage de-
pending on the vertical laser position for a fixed detection lens position of hlens = 10.00 mm.

at the edges of the dielectrics. The plateau shows that the laser beam is guided through the discharge
configuration without shadowing for at least half of the discharge gap. At the edges, the laser beam is
shadowed by the dielectrics and its surroundings, but it still partially transmits the gap. A measurement
at hlsr = 5.5 mm and 6.3 mm is possible, but it is not clear if the diverging laser beam is shadowed when
entering the discharge configuration or when leaving it. Hence, the detection volume might be smaller
at these position. Nevertheless, the mean of these positions gives the central position of the laser beam
with respect to the discharge gap, which is at hlsr = 5.9 mm. The curve for the scattering signal UScatt
is reciprocal to the laser pulse energy voltage. The plateau in the centre forms the minimum and at the
edges an increase is obvious. The plateau shows that the background scattering of the laser depends
only weak on the vertical laser beam position if nearly the entire laser beam passes the gap. Hence,
the scattering measured there takes probably place at the gap spacers and not at the glass plate or BSO
crystal. In front of the glass plate or the BSO crystal, a strong increase in laser scattering is observed
with the naked eye. This scattering is especially large if the dielectrics overhang their surroundings.
Therefore, an exact assemblage and a careful alignment of the discharge configuration was necessary to
reduce the laser scattering to an acceptable level in comparison to the LIF signal.

With the known central position of the laser beam it is possible to calculate the laser beam position
with respect to the discharge. The vertical position of the laser beam in the discharge is

z = 5.9 mm − hlsr. (5.11)

As in the previous section 5.3.1, the edge of the BSO crystal is located at z = −0.5 mm and the edge of
the glass plate is at 0.5 mm. The vertical positions of the detection lens and the laser beam in correlation
to the discharge configuration are summarised in table 5.1. Both the laser and the lens positions are in
opposite direction to the z-axis. A more precise determination of the positions is not advisable because
of the vertical laser beam extent of about 0.25 mm and the width of the horizontal monochromator slit of
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5.3 Alignment of the LIF experiment

Table 5.1: Relation of the vertical laser beam position, the vertical detection lens position and the axial
position in the discharge gap.

hlsr [mm] hlens [mm] z [mm]

edge of BSO crystal 6.4 10.30 -0.5
centre of gap 5.9 10.05 0.0
edge of glass plate 5.4 9.80 0.5
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Figure 5.13: Axial profiles of the normalised time averaged background scattering in (a), the normalised
time averaged LIF signal in (a) and (b) and the laser pulse energy for the LIF and back-
ground scattering measurement in (c).

0.3 mm. It is assumed that the laser is completely imaged within the horizontal slit when using the right
combination of hlsr and hlens given in equations (5.10) and (5.11) and table 5.1.

An example of an axially resolved LIF measurement is presented in figure 5.13. In (a), the normalised
time averaged LIF signal is shown in comparison with the background scattering on a logarithmic scale.
In (b), only the normalised time averaged LIF signal, and in (c), the laser pulse energy are presented
on a linear scale. The background scattering has its minimum in the centre and increases towards the
dielectrics as previously discussed. The LIF signal is at least about ten times lower than the background
scattering (compare figures 5.4 and 5.8). Looking at the laser pulse energy, it is the same for the LIF and
the background scattering measurement. This is the result of the alternating measurement procedure with
discharge on and off. Hence, the long-term decrease in laser intensity has no effect on the ratio of the LIF
signal to the background scattering. In contrast to figure 5.12, the laser pulse energy decreases towards
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5. LIF of N2(A) metastables in atmospheric pressure barrier discharges

the dielectrics in this diagram. This decrease is caused by the long measurement time and the alternating
axial positions during one measurement day. The measurement of the axial density profile starts in the
centre, and after about an hour the position was changed to z = 0.1 mm. During this time, the laser inten-
sity decreases by a few percent. Afterwards, the LIF measurement was performed at z = −0.1 mm. The
alternating measurement procedure (z = 0, 0.1,−0.1, 0.2, . . . ,−0.4 mm) was continued until z = −0.4 mm
and explains the decrease in laser intensity towards the dielectrics. Nevertheless, the shadowing of the
laser beam at the positions z = ±0.4 mm results in a further decrease in the measured laser pulse energy.
Since it is not clear where the shadowing takes place, the measurements at the positions z ± 0.4 mm are
neglected in the following discussions.

5.3.3 Horizontal laser position

For the measurements with the pin-to-plane discharge configuration (figure 2.1 (a) in section 2.1.3) it
was necessary to align the laser beam in the horizontal direction. To get a large interaction volume of the
microdischarges with the laser beam, the laser beam had to pass the discharge configuration below the
pin-like electrode. By using the cylindrical lens, the horizontal extent of the laser beam remained 1.5 mm
to have a large probability of hitting the microdischarges with the laser beam. For the alignment of the
horizontal laser beam position, the laser beam was vertically shifted upwards until the laser beam hit the
stocked out metal rod above the MACOR® cylinder. Afterwards, the horizontal laser beam position was
changed stepwise by 0.5 mm until the reflections of the laser beam were equal in both directions. For this
method, an error of 1 mm for the horizontal laser position with respect to the central axis of the discharge
configuration must be assumed.

5.4 Absolute density calibration

As for low pressure, equation (3.30) is the starting point for the calculation of the absolute density:

nA0 = RLIF/Ray
TRayQRay

TLIFQLIF

3
2
σRay

σLIF

ΩRay

ΩLIF
nRay. (5.12)

In comparison to the equation (4.25), the ratio of the detection solid angles remains in equation (5.12),
since the LIF measurement was performed with the discharge configuration, whereas the Rayleigh mea-
surement was performed in the empty vacuum chamber. The first factor RLIF/Ray in equation (5.12) was
already determined in the section 5.1.5. The fractions beyond are the ratio of the transmittances, the
quantum efficiencies of the photomultiplier, the cross sections and the ratio of the detection solid angles.
The last factor is the density nRay of the Rayleigh scatterer. Most factors are taken with small changes
from the calibration procedure for the low pressure experiment in section 4.2.

5.4.1 Saturation, detection optics and cross sections

So far, the saturation effect was not discussed for the atmospheric pressure discharge. The focussing
of the laser beam in this experiment should increase the saturation of the LIF signal. In contrast, the
excited state is faster depopulated because of the numerous collisions with the background gas at elevated
pressures. This should compensate the larger energy density in the focussed laser beam. To test the
actual behaviour, the time averaged LIF voltage was measured for different laser pulse energies, which is
presented in figure 5.14. Due to the large measurement error, the measurement points vary over a large
range. A saturation effect is not visible, nearly the same measurement points lie above and below the
linear fit. Hence, the saturation coefficient s vanishes and the saturation factor 1 + sUlsr becomes unity.
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Figure 5.14: Time averaged LIF voltage depending on the laser pulse energy at 500 mbar.

The first fraction on the right-hand side in equation (5.12) is the ratio

Voptics =
TRayQRay

TLIFQLIF
= VMC+PMT · Vfilter (5.13)

concerning the optical detection system. It consists of a factor

VMC+PMT =
TMC(687 nm)
TMC(762 nm)

Q(687 nm)
Q(762 nm)

, (5.14)

including the monochromator transmittance TMC and the photomultiplier quantum efficiency Q, and a
factor Vfilter including the filter transmittances. In contrast to the low pressure experiment, both ratios
were measured independently. For the determination of VMC+PMT, the filters were removed and the
monochromator was illuminated with a halogen lamp at different temperatures Tlamp. The intensity was
measured for different monochromator wavelength as shown in figure 5.15 (a). In (b), the measured
emission intensity is normalised by the Planck distribution in equation (4.28). All curves are nearly iden-
tical despite the different lamp temperatures, since the ratio U/NPlanck reflects the wavelength dependent
sensitivity of the detection system. The decrease with increasing wavelength is caused by the decreas-
ing quantum efficiency of the photomultiplier tube. At about 715 nm, a knee to a flatter curve shape is
observable due to the blazing wavelength of 750 nm of the monochromator grating. The desired ratio

VMC+PMT =
U(687 nm)

NPlanck(687 nm)
NPlanck(762 nm)

U(762 nm)
= 22.2 ± 0.5 (5.15)

is the average value of the five measurements.

The ratio of the filter transmittances is calculated from the filter transmittances presented in appendix
A.3. For the LIF measurement, only the RG9 filter was used and for the Rayleigh measurement only the
NG3 filter was present. Therefore, the factor regarding the optical filters is

Vfilter =
TNG3(687 nm)
TRG9(762 nm)

= 0.0351. (5.16)

Combining both ratios from the equations (5.15) and (5.16), one ends up with

Voptics = VMC+PMT · Vfilter = 0.78 ± 0.04 (5.17)

for the ratio of the optical detection system.
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Figure 5.15: (a) Wavelength scan of the emission from a halogen lamp and (b) the emission intensity
normalised with the Planck distribution.

The calculation of the cross sections is in principle the same as in the low pressure case in section
4.2.3. Nonetheless, one has to check if the pressure broadening might have an influence on the LIF cross
section. This is not the case in the experiment, because of the large spectral width of the laser beam
exceeds the pressure broadening by one order of magnitude. Unfortunately, one cannot check this by a
wavelength scan of the LIF signal as in section 4.2.3 because of the large time consumption of the LIF
measurement at elevated pressures. The cross section taken for λlsr = 687.44 nm is

σLIF = (3.8 ± 0.6) × 10−18 cm2 (5.18)

as in the low pressure experiments.

The Rayleigh cross section differs from the low pressure experiment owing to the use of carbon diox-
ide as calibration gas. Again, equations (4.35) and (4.36) are used for the calculation. The molecular
polarisability is αcgs = 2.63 × 10−30 m3 [89] and αcgs = 2.91 × 10−24 cm3 [91, 98]. The depolarisation
of the molecular polarisability is κ = 0.266 [89]. The latter is larger in comparison to nitrogen, there-
fore, the King correction factor in (4.35) and (4.36) cannot be neglected. The values above result in
σRay = 4.62 × 10−27 cm2 and σRay = 5.65 × 10−27 cm2. As average value,

σRay = (5.13 ± 0.52) × 10−27 cm2. (5.19)

is taken for the further calculations. It shows that the Rayleigh cross section for carbon dioxide is about
2.7 times larger than the value for nitrogen in equation (4.40) in section 4.2.3. This fact gives the reason
for using carbon dioxide as the scatter for the Rayleigh measurement.
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5.4 Absolute density calibration

5.4.2 Detection solid angles

Primarily, it was planned to measure the Rayleigh signal within the discharge configuration to have the
same detection cone for the LIF and the Rayleigh experiment. Unfortunately, this was not possible be-
cause of the large scattering of the laser beam at the discharge boundaries. Therefore, the Rayleigh mea-
surement was performed without the discharge configuration, knowing that the detection cone is larger
for this conditions. To calculate the difference between both situations, the optical path of the light from
the laser beam towards the detection optics is shown in figure 5.16. Without the discharge configura-
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Figure 5.16: (a) Longitudinal section of the detection solid angle with and without the discharge con-
figuration and (b) cross section of the detection solid angles at the edge of the discharge
configuration and at the window of the vacuum chamber.

tion, the detection solid angle is a cone. Its height is given by the distance Dwindow = (265 ± 5) mm
from the centre of the vacuum chamber to the window. The circular base area has a diameter of
dwindow = (38 ± 1) mm, which is the diameter of the window. The corresponding solid angle is calcu-
lated dividing the base area by the squared radius of the sphere:

ΩRay =
π/4 · d2

window

D2
window

= (1.62 ± 0.10) × 10−2. (5.20)

Inserting the discharge configuration in the chamber, the upper and lower part of the detection cone are
shadowed by the boundaries of the discharge configuration as shown in figure 5.16 (a). The opening
angle θdet = dgap/(lBD/2) = (4.55 ± 0.31) × 10−2 in the vertical plane is the ratio of the gap width
dgap = (1.00 ± 0.05) mm and the distance lBD/2 = (22 ± 1) mm from the centre to the edge of the
barrier discharge configuration. To calculate the opening angle in the horizontal plane, a top view of
the discharge configuration is added in figure 5.17 (b). As visible, the detection solid angle in the LIF
experiment is not limited by the gap spacers in the horizontal plane, but by the window of the discharge
chamber. The opening angle φdet = dwindow/Dwindow = (1.43 ± 0.04) × 10−1 is the ratio of the window
diameter dwindow to its distance Dwindow to the centre of the discharge configuration. From the geometrical
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point of view, the solid angle is a pyramid with an almost rectangular base area as shown in figure 5.16
(b). Its solid angle is

ΩLIF = θdet · φdet = (6.52 ± 0.49) × 10−3. (5.21)

This calculation assumes that the laser beam is in the centre of the discharge gap. Moving the laser
beam upwards or downwards to the dielectrics, the detection solid angle might change. To proof this,
a teflon strip was inserted into the gap as shown in figure 5.16 (c) and (d). Looking from top, its edge
which was directed against the laser beam was angled by 45 degrees. The laser illuminated this edge of
the teflon strip and the fluorescence was observed. This fluorescence was measured for different laser
beam and detection lens positions as shown in figure 5.18 (a). Since an exact positioning of the teflon
strip in the centre of the gap is not possible and to avoid measurements errors due to the surface texture,
two different teflon strips were taken in turn. All measurements show the same relative dependence on
the axial position, despite of their different signal heights. In figure 5.18 (b), these four curves were
averaged and the detection solid angle for the LIF experiment was calculated with the condition of
ΩLIF(z = 0) = (6.52 ± 0.49) × 10−3 from equation (5.21). It shows that the detection solid angle actually
decreases towards the dielectrics. In figure 5.18 (c), the ratio of the detection solid angles for the LIF
and Rayleigh experiment are shown. This ratio is about 2 times larger than in the centre of the discharge
gap. For the calibration measurements performed about 0.2 mm in front of the glass plate, hence, at
z = 0.3 mm, the ratio is

ΩRay

ΩLIF
= 3.84 ± 0.41. (5.22)
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5.4.3 Absolute metastables density

The last missing factor in equation (3.28) is the density of the Rayleigh scatterer. It is calculated by the
ideal gas law from the pressure of p = 1 bar and room temperature of about Troom = 295 K to

nRay =
p

kBTroom
= 2.45 × 1019 cm−3. (5.23)

Inserting the previously discussed factors in equation (3.28) gives an N2(A3Σ+
u , v = 0) metastables density

of

nA0 = (7.1 ± 1.9) × 1013 cm−3 at 500 mbar (5.24)

and

nA0 = (1.1 ± 0.3) × 1014 cm−3 at 1000 mbar. (5.25)

The measurements were performed with a 5 kHz driving voltage and an amplitude of Ûappl = 5.25 kV
at 500 mbar and Ûappl = 7.5 kV at 1000 mbar, respectively. The laser axis was about 0.2 mm in front
of the glass plate at z = 0.3 mm and the laser was fired at the maximum of the applied voltage. As
written in section 5.2, the calibration is done once and the metastables density in further measurements
is calculated with the ratio of the density to the normalised time averaged LIF signal. This ratio is

nA0

YLIF
=

(7.1 ± 1.9) × 1013 cm−3

0.057
= (1.2 ± 0.3) × 1015 cm−3 (5.26)

for the axial position z = 0.3 mm. For other positions, the spatial dependence of the solid angle ratio in
figure 5.18 must be taken into account.
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6 N2(A) metastables in filamentary barrier
discharges

The measurements presented in the previous chapter for the absolute density calibration were performed
at a fixed time in the voltage cycle and at a fixed position in the discharge gap. They provide an order of
magnitude for the N2(A3Σ+

u ) metastables density, but no detailed picture of their dynamics. In this chap-
ter, temporally and spatially resolved measurements in the filamentary discharge mode are presented.
The calculation of the absolute metastables density is done by the multiplication of the normalised time
averaged LIF signal YLIF from equation (5.7) with the ratio of the absolute metastables density to the
mean normalised LIF signal given in equation (5.26).

The chapter starts with the characterisation of the filamentary mode of the barrier discharge in the
pin-to-plane configuration. Afterwards, the time dependences of the metastables are investigated for
the multi-filamentary mode and for the afterglow of one single microdischarge. Furthermore, axial and
horizontal metastables density profiles are presented for the multi-filamentary mode. At the end, the
time dependence of the metastables density in the plane-to-plane discharge configuration with an applied
square wave voltage is briefly discussed.

6.1 Electrical and optical characterisation of the filamentary barrier
discharge

For a discussion of the metastables density with respect to the discharge itself, the characterisation of
the discharge mode and the microdischarges is indispensable. In the first part, only the pin-to-plane
discharge configuration in figure 2.1 (a) was used in combination with a sinusoidal applied voltage Uappl.
This voltage is plotted for the positive half cycle in figure 6.1 (a) together with the discharge current
Idis measured by the Rogowski coil. Both signals were obtained by a single shot measurement from
the oscilloscope. During the increase in applied voltage, three current pulses corresponding to three
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Figure 6.1: (a) Single shot and (b) average of 128 half cycles of the time dependent sinusoidal applied
voltage and discharge current in the positive half cycle of the filamentary mode in the pin-to-
plane discharge configuration (500 mbar, 5 kHz, Ûappl = 5.75 kV). (c) Corresponding 5 µs
long rectangle pulses and in (d) frequency distribution of microdischarges.
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6. N2(A) metastables in filamentary barrier discharges

single microdischarges are visible. In figure 6.1 (b), both signals are plotted after an averaging over
128 discharge cycles. The curve of the applied voltage remains the same, whereas the curve of the
discharge current becomes slightly negative and the microdischarge pulses vanish. The reason for this
is the random appearance of the microdischarges in time and their short pulse duration in comparison to
the temporal resolution of the digital oscilloscope. Only the negative overshoots after each pulse result
in a small negative current signal on average. Hence, the averaged discharge current is not suitable to
get a frequency distribution of the microdischarges. This problem was solved with a further pulse delay
generator (Stanford Research Systems DG535). It generated after each microdischarge pulse a 5 µs long
rectangle pulse, which is presented in figure 6.1 (c). The average of these rectangle pulses in figure 6.1
(d) is the frequency distribution of microdischarges and is a measure of the averaged discharge current.
It shows that most microdischarges are ignited about 20 µs after the beginning of the positive half cycle.
A second local maximum at about 35 µs indicates the ignition of a second microdischarge in the same
half cycle.

Besides the electrical signals, the optical emission was investigated. In figure 6.2, the averaged optical
emission spectrum from several hundred microdischarges is presented for the range from 300 to 400 nm.
The spectrum is dominated by the second positive system (SPS), which summarises the transitions from
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Figure 6.2: Averaged optical emission spectrum of several microdischarges showing the transitions of
the second positive system (SPS) and the first negative system (FNS) of nitrogen (500 mbar,
2 kHz, Ûappl = 5.5 kV). The vibration quantum numbers for the transitions are written above
the peaks.

the C3Πu to the B3Πg state. The largest intensities are seen for the transition from the vibrational ground
state of C3Πu, since it has the lowest excitation energy and the largest excitation cross section [99].
Besides the SPS, the transition between the vibrational ground states of the first negative system of the
molecular nitrogen ion (FNS, N+

2 (B2Σ+
u ) → N+

2 (X2Σ+
g )) at 391 nm is observed. The first positive system

(FPS, B3Πg → A3Σ+
u ) as visible in figure 2.2 was not observed in the barrier discharges because of the

large quenching of the B3Πg state (∼ 109 s−1, compare section 5.1.4) in comparison to the low optical
transition probabilities (∼ 104 s−1 [78]).

For the characterisation of the microdischarges, averaged current pulses from several microdischarges
in the positive and negative half cycle are presented in figure 6.3 (a) and (b). These signals were obtained
by the fast oscilloscope (LeCroy 9362), which was triggered by the microdischarges for this measure-
ment. In both half cycles, the discharge current shows a slow increase at the beginning, followed by
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Figure 6.3: (a,c) Time resolved averaged discharge current of several microdischarges and (b,d) dis-
charge induced optical emission from the second positive system at 337 nm for the positive
and negative half cycle (500 mbar, 2 kHz, Ûappl = 5.75 kV.)

a fast increase within less than 10 ns up to a maximum of about 35 mA. Subsequently, the current de-
creases with a decay time in the range of hundred nanoseconds. This is about ten times longer than
microdischarges in air, where the microdischarge duration is shorter due to the attachment of electrons
to the electronegative oxygen [5, 100]. In the positive half cycle, a second maximum appears during
the decrease at 120 ns. The reason of the second peak is currently unknown. It might be related to a
following surface discharge or an ignition of a further microdischarge which is triggered by the first one.
In figure 6.3 (c) and (d), the discharge induced optical emission of the 0 − 0 transition of the second
positive system (SPS) at 337 nm is shown. The form reflects the current pulse due to the direct electron
impact excitation of the C3Πu state and its short effective lifetime of few nanoseconds at 500 mbar [5,
100].

6.2 Time dependence of metastables

In figure 6.4 (a,b,e,f), the time dependent N2(A3Σ+
u , v = 0) metastables density in front of the two

dielectrics is shown for the positive and negative half cycle in the multi-filamentary mode at a pres-
sure of 500 mbar and a sinusoidal applied voltage with a frequency of 2 kHz and an amplitude of
Ûappl = 6.25 kV. The vertical laser position was z = ±0.3 mm, hence, the distance of the laser axis
to the edge of the respective dielectric was about 0.2 mm (compare section 5.3). Below the metasta-
bles densities, the frequency distribution of microdischarges is plotted in (c,g) and the applied voltage in
(d,h). In the positive half cycle, the anode is at the glass plate, in the negative half cycle, it is at the BSO
crystal. The probability of a microdischarge occurrence is maximal at 20 µs in both half cycles. The cor-
responding absolute applied voltage is between 3 and 4 kV. Looking at the metastables density in front
of the glass plate in (a), the maximum in metastables density at 30 µs is later than the maximum of the
frequency distribution of microdischarges in (d). The increase in metastables density before reaching the
maximum is continuous, afterwards the metastables density decreases within some tens of microseconds
to zero. In front of the BSO in the positive half cycle as shown in (b), the maximal metastables density
is lower. A steep increase in density is visible at 30 µs. This is even larger in (e), measured in front of
the glass plate in the negative half cycle. The metastables density behaviour in front of the BSO in the
negative half cycle in (f) is similar to the behaviour in front of the glass plate in the positive half cycle in
(a). The maximum is reached clearly earlier than in the cathodic phase. In general, the density in front
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Figure 6.4: Time dependence of the N2(A3Σ+
u , v = 0) metastables density in the (a,b) positive and (e,f)

negative half cycle. In (c) and (g), the corresponding frequency distribution of microdis-
charges and in (d) and (h), the applied voltage are shown (500 mbar, 5 kHz, Ûappl = 6.25 kV,
z = ±0.3 mm).

of the BSO is lower than in front of the glass plate, which might be caused by the asymmetric discharge
configuration. Despite the differences in figure 6.4 for the different half cycles and dielectrics, a reli-
able statement about the metastables density in a microdischarge is not possible due to the uncertainty
regarding the positions of the single microdischarges. A late increase in metastables density could also
be caused by a later ignition of the microdischarges in the detection volume.

To get rid of this problem, the N2(A3Σ+
u , v = 0) metastables density after one microdischarge was

investigated. The frequency and the amplitude of the applied voltage were reduced to 2 kHz and
Ûappl = 5.25 kV, respectively. At these parameters, typically one or two microdischarges are ignited
per half cycle. The results obtained in front of the glass plate are shown in figure 6.5. The time depen-
dent metastables density is plotted for the positive half cycle in (a) and for the negative half cycle in (d).
The corresponding frequency distributions of the microdischarges are shown in (b,e), the applied voltage
in (c,f). Because of the triggering of the measurement with the first microdischarge, the frequency dis-
tribution starts with a 5 µs long rectangular pulse. The second microdischarge is randomly distributed in
time with respect to the first one. The largest probability for the ignition of the second microdischarge is
between 25 and 75 µs. Hence, its influence on the first 25 µs of the afterglow of the first microdischarge
is neglectable. The averaged voltage in figure 6.5 (c) is about 3 kV at t = 0, which means the first mi-
crodischarge is typically ignited at an applied voltage of 3 kV in the positive half cycle. In the negative
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half cycle as shown in figure (f), the ignition voltage for the first microdischarge is a little lower. Looking
at the temporal evolution of the N2(A3Σ+

u , v = 0) metastables density during the anodic phase in figure
6.5 (a), the increase in metastables density is very steep in the first ten microseconds. A maximal value
of about 8 × 1013 cm−3 is achieved after 10 µs. After the maximum, the density decreases very fast to
a nearly constant level of about 3 × 1013 cm−3. After 80 µs, large fluctuations appear. At this delay, the
number of laser pulses is no longer sufficient to average over the different ignition times of the second
microdischarge. In front of the cathode, the temporal behaviour looks different. The density increase
after the first microdischarge is flatter and the maximum of about 5 × 1013 cm−3 is lower. Furthermore,
there is a slower depletion of metastables after the maximum. After a delay of 70 µs, some fluctuations
are observed as in the anodic phase.

6.2.1 Excitation of metastables

Despite the differences of the curves in the positive and negative half cycle, an increase of the metastables
density in the afterglow is observable in both cases. As mentioned in section 2.2.3, the delay of the laser
electronics with respect to the triggering by the microdischarge current is at least 350 ns. The current
pulse itself lasts no longer than 300 ns as visible in figure 6.3. Hence, the discharge current is already
zero and the electrons in the gap are lost at t = 0 in figure 6.5. As a consequence, there is an excitation of
the A3Σ+

u state in the afterglow which cannot be caused by direct electron impact excitation. A population
from higher excited states, for example from the C3Πu or B3Πg state, is probable. This is in agreement
with the larger cross sections for electron impact excitation of the C3Πu and B3Πg state in comparison
with the A3Σ+

u state [94]. The electron impact excitation of these two states takes place during the
discharge breakdown and should be proportional to the discharge current without any delay. Hence, the
delay of the metastables production is caused by the slower de-excitation from these states to the A3Σ+

u
state. To estimate these times, one can have a look at the effective lifetimes of the C3Πu and B3Πg
state. As seen from chapter 5, the effective lifetime of the B3Πg, v = 3 state is in the nanosecond range at
500 mbar, as well as the effective lifetime of the C3Πu state [29, 100]. Hence, these short lifetimes cannot
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6. N2(A) metastables in filamentary barrier discharges

explain the delay of the metastables production after the discharge pulse. To resolve this contradiction,
one has to distinguish the vibrational levels of the A3Σ+

u state. In the experiment, only the vibrational
ground state was measured. In [95], the population rates for the vibrational levels of the A3Σ+

u states
were measured. For the vibrational ground state v = 0, the rate constant was 5.4 × 10−15 cm3 s−1. The
corresponding production rate at 500 mbar is 5.6 × 104 s−1 (at 350 K), corresponding to a time constant
of 18 µs. This explains the large delay of the A3Σ+

u , v = 0 production with respect to the discharge pulse.
In contrast to the vibrational ground state, the entire production rate of the levels 5 to 7 is larger than
10−11 cm3 s−1. This would result in a time constant of 10 ns, comparable to the effective lifetimes of the
C3Πu and B3Πg states.

Besides this maximum in the afterglow, there is already a finite metastables density at t = 0 in front
of the anode in figure 6.5 (a), which cannot be observed during the cathode phase in (b). This part might
be the result of direct electron impact excitation. As shown in figure 1.1 in section 1.1.1, the electron
density is much larger in front of the anode, whereas the reduced electric field strength has its maximum
in front of the cathode. Hence, one can expect that the highest states of the nitrogen molecule are only
excited in front of the cathode where the electric field is large, and the lower states are probably excited
in front of the anode. This might explain the difference in metastables density at t = 0 for the different
half cycles. Furthermore, the relaxation from these higher states might take more time, resulting in the
later metastables density maximum in front of the cathode.

6.2.2 Depletion of metastables

For the depletion of metastables after their production the quenching with the background gas is the
first candidate. The upper limit for the rate coefficient is kA0,N2 = 3.0 × 10−16 cm3 s−1 [44, 95]. With a
background gas density of nN2 = p/(kBTgas) = 1.0 × 1019 cm−3 at p = 500 mbar and Tgas = 350 K the
rate is 3.0 × 103 s−1. This corresponds to a decay time of 330 µs, which is too large for the fast depletion
after the maximum shown in figure 6.5 (a). Only the de-excitation after 50 µs and the decrease during
two periods (period of 500 µs) can be explained by this process. Much faster de-excitation processes are
the pooling reactions (1.8) and (1.6) of two A3Σ+

u states to the higher excited B3Πg and C3Πu states. The
rate coefficient for the sum of both reaction channels is between kpool = 3 × 10−10 and 4 × 10−10 cm3 s−1

[44, 80, 101]. The corresponding quenching rate at a maximal N2(A3Σ+
u ) density of nA = 8×1013 cm−3 is

nAkpool = 2.4 × 104 to 3.2× 104 s−1. These rates are larger than the rates of the quenching with the back-
ground gas, but the decay times between 30 and 40 µs are still too large in comparison with the temporal
decay after the maximum in figure 6.5 (a). The reason for this might be the neglect of the lateral structure
of the microdischarge in comparison to the detection volume. As sketched in figure 6.6, the microdis-
charge channel is much thinner than the observation area. The radius of the cylindrical microdischarge

0.6 mm

3 m
m

1.5 mm

laser b
eam

0.25 mm

fluorescence

microdischarge

Figure 6.6: Sketch of the microdischarge channel in comparison with the detection volume.

channel is between 0.1 and 0.2 mm at atmospheric pressure [102], and inverse proportional to the gas
density [102]. Hence, a microdischarge radius of between rMD = 0.2 and 0.4 mm is expected at 500 mbar.
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6.2 Time dependence of metastables

The resulting cross section area of the microdischarge channel is AMD = πr2
MD = 0.13 to 0.50 mm2. The

horizontal area Adet of the detection volume is given by the horizontal width of the laser beam of about
1.5 mm and the width of the vertical entrance slit of the monochromator of 3 mm. Hence, the area is
Adet = 4.5 mm2. The comparison of both areas shows that the detection area is Adet/AMD = 9 to 36 times
larger than the microdischarge channel cross section area. Thus, the maximal N2(A3Σ+

u ) density in the
microdischarge channel is about a factor of 9 to 36 larger than measured, that means between 7 × 1014

and 3 × 1015 cm−3. The corresponding rate of the pooling reaction for such a large density is between
2.1 × 105 and 1.2 × 106 s−1 and the decay times between 4.8 and 0.8 µs, respectively. Both times are
shorter than the decay in 6.5 (a), but this fast decay results from a rough estimation for the peak density.

For a better estimation of the decay times, an inhomogeneous metastables distribution in the lateral
direction must be expected. Such an analysis was done in [103] for optical emission spectroscopy mea-
surements. Here, a radially symmetric metastables density

nA(t = 0, ρ) =
NA

2πhdet
fρ(t = 0, ρ) (6.1)

with a normalised Gaussian distribution function

fρ(t = 0, ρ) =
1

r2
MD

exp
−1

2
ρ2

r2
MD

 ,
∞∫

0

fρ(t = 0, ρ)ρdρ = 1, (6.2)

is assumed just after the microdischarge pulse. A distinction of the vibrational ground level from the
entire metastable state is neglected in the following calculation. The total number of N2(A3Σ+

u ) molecules
in the microdischarge channel per height hdet is

NA(t)/hdet =

2π∫

ϕ=0

∞∫

ρ=0

nA(t, ρ)ρdρdϕ. (6.3)

Assuming the entire microdischarge channel to be hit by the laser beam, NA(t = 0)/hdet is estimated
by the measured metastables density of 8 × 1013 cm−3 and the horizontal area of the laser beam of
Adet = 4.5 mm2. It is NA(t = 0)/hdet = 3.6 × 1012 cm−1 and taken as the initial value for the simulation
of the depletion process. Together with an estimated microdischarge radius of rMD = 0.3 mm, the peak
density at the beginning is NA(t = 0)/(2πhdetr2

MD) = 6.4 × 1014 cm−3. The rate equation

dnA

dt
(t, ρ) = −kpooln2

A(t, ρ) (6.4)

is solved independently for each radius ρ (see appendix B.1.3):

nA(t, ρ) =
nA(0, ρ)

1 + nA(0, ρ)kpoolt
. (6.5)

The simulated time dependent radial density distribution is plotted for kpool = 3× 10−10 cm3 s−1 in figure
6.7 (a) and for kpool = 4 × 10−10 cm3 s−1 in (b), respectively. For both rates, the peak density decreases
very fast, whereas the density at |ρ| > 0.5 mm decreases much slower. This is typical for a second order
process, which is only significant for large densities. In the central part, the metastables density becomes
independent from the radius for larger times. There, nA(0, ρ)kpoolt becomes much larger than unity for
later times and equation (6.5) simplifies to nA(t) ≈ 1/(kpoolt).
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Figure 6.7: Simulated depletion of radial density profiles of the N2(A3Σ+
u ) metastables in the afterglow

of one single microdischarge taking only the pooling reaction into account, with rate coeffi-
cients of (a) 3 × 10−10 cm3 s−1 and (b) 4 × 10−10 cm3 s−1. In (c), the depletion of the mean
density in the detection volume is shown.

Using the spatio-temporal density distribution in equation (6.5), one can recalculate the mean density
in the detection volume Vdet = hdetAdet using equation (6.3)

n̄det
A (t) =

NA(t)
Vdet

=
NA(t)

hdetAdet
=

1
Adet

2π∫

ϕ=0

∞∫

ρ=0

nA(t, ρ)ρ dρ dϕ. (6.6)

This function is plotted in figure 6.7 (c). The curves start at 8 × 1013 cm−3 which was the initial value
for the simulation. For both rates, the depletion in the first 25 µs is very fast and slows down afterwards.
In comparison to the radial profiles in (a) and (b), the decrease of the mean density seems to be slower
than the decrease of the density distribution. This deceptive mismatch is caused by the description in
polar coordinates. The circular area at r = 0 is much smaller than the areas of the circular rings at r > 0.
Hence, the fast decay of the peak density in the centre does not count as much as the slower decay in the
outer parts of the microdischarge channel. As a consequence, the decay of the mean density is slower
as the rough estimation above. Comparing the simulation with the measured time dependence of the
metastables density in figure 6.5 (a), the depletion in figure 6.7 (c) shows a good agreement with the
measurement. Nonetheless, even this spatially resolved simulation remains a rough estimation due to
the unknown filament radius rMD, the unknown exact detection area Adet and the actual influence of the
vibrational distribution of the A3Σ+

u state on the pooling rate. The uncertainty regarding the height hdet is
unimportant, since it cancels out in the calculation.

In addition to the metastables themselves, nitrogen atoms might contribute to their quench-
ing. The nitrogen atom density in the former microdischarge channel is in the range of
nN = 1015 cm−3 [53]. The rate coefficient for quenching of N2(A3Σ+

u ) metastables by nitrogen atoms
is about kA,N = 4.4 × 10−11 cm3 s−1 [44]. The corresponding quenching rate is nNkA,N = 4.4 × 104 s−1.
Hence, the decay time of N2(A3Σ+

u ) metastables due to quenching by nitrogen atoms is 23 µs. This is in
good agreement with the fast decay in figure 6.5 (a) after the maximum, wherefore the quenching by ni-
trogen atoms can explain the fast decay after the maximum. Later on, the contribution of this quenching
process to the overall quenching is negligible because of the decrease in nitrogen atom density within
some tens of microseconds [53].
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6.2 Time dependence of metastables

Up to now, only losses due to volume processes were considered. As seen in the low pressure case,
the diffusion out of the detection volume and the de-excitation at the walls can contribute significantly to
the depletion of metastables. As a first step, only the diffusion in the radial direction is considered and
the diffusion in the axial direction neglected. The initial density distribution is assumed to be Gaussian
distributed in the radial direction as given by equation (6.1) and (6.2). The diffusion current density is

Jdiff(t, ρ) = −D∇nA0 = −D
∂nA

∂ρ
eρ, (6.7)

using cylindrical coordinates. The component in the azimuthal direction vanishes for this axially sym-
metric problem and the diffusion in the axial direction is discussed in section 6.3.2. The diffusion coeffi-
cient

D(Tgas) = D0
p0

p

(
Tgas

T0

)3/2

(6.8)

is obtained from D0 = 0.202 cm2 s−1 [47, 104, 105] at p0 = 760 Torr and T0 = 300 K. An expected
gas temperature of Tgas = 350 K yields D = 0.52 cm2 s−1 at a pressure of p = 500 mbar. The resulting
change in metastables density is described by Fick’s second law

∂nA

∂t
= −∇ · Jdiff = −1

ρ

∂

∂ρ
(ρJdiff), Jdiff = |Jdiff| = Jdiffeρ. (6.9)

The solution is obtained numerically (see appendix C.1) and is shown in figure 6.8 (a).
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Figure 6.8: (a) Simulated depletion of radial N2(A3Σ+
u ) metastables density profiles in the afterglow of

one single microdischarge taking only the radial diffusion into account. (b) Depletion of
the mean density in the detection volume for different laser positions with respect to the
microdischarge.

In comparison to the depletion caused by the pooling reaction shown in figure 6.7, the loss of metasta-
bles in the centre is much slower. In the outer parts with ρ > 0.5 mm, the density even increases due
to the outward directed diffusion current. These metastables can leave the detection volume and reduce
the measured density. As mentioned, the detection volume has a length of 3 mm in the laser direction,
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6. N2(A) metastables in filamentary barrier discharges

a width of about 1.5 mm perpendicular to it and a height of about hdet = 0.25 mm. Thus, the number of
metastables in the detection volume is calculated by

Ndet
A (t) = hdet

x2∫

x=x1

y2∫

y=y1

nA

(
t, ρ =

√
x2 + y2

)
dy dx (6.10)

with x1 = −0.75 mm, x2 = 0.75 mm, y1 = −1.5 mm, y2 = 1.5 mm. These integration limits are valid if the
central laser axis hits the central axis of the microdischarge. Since this cannot be guaranteed, the mean
density in the detection volume for an about 0.5 mm shifted laser beam is calculated for comparison. The
corresponding integration limits are x1 = −1.25 mm and x2 = 0.25 mm. For both laser positions, the
simulated mean metastables density in the detection volume n̄det

A = Ndet
A /Vdet is plotted in figure 6.8 (b).

Despite the spreading of the profile in (a), the mean density in the detection volume decreases in 1000 µs
only by a few percent for both laser positions. Hence, radial diffusion cannot be the reason for the fast
depletion after the microdischarge and is even too slow for the slow decay seen in figure 6.5 (b).

Besides the radial diffusion, the diffusion in the axial direction might result in a strong depletion of
metastables. In comparison to its horizontal dimensions, the vertical extent of the laser beam is smaller
and the metastables might leave the detection volume earlier. On the other hand, the axial direction is
limited by the dielectrics which are sinks for the metastables density. The diffusion current towards the
dielectrics depends strongly on the spatial distribution of the metastables. Hence, the knowledge of the
axial density profile is important for the estimation of the losses by axial diffusion.

6.3 Spatial dependence of metastables

6.3.1 Axial density profiles

The optical setup with the focussed laser beam was optimised to enable the measurement of axial density
profiles within the 1 mm gap. So far, the presented measurements were performed at z = ±0.3 mm, that
means the laser axis was about 0.2 mm in front of the glass plate. Here, the axial laser position was varied
for a fixed time of 30 µs after the zero-crossing of the voltage. The amplitude of the applied voltage was
Ûappl = 6.25 kV and the discharge operated in the filamentary mode. These conditions are the same as
for the presented time dependences in figure 6.4.

The corresponding axial N2(A3Σ+
u , v = 0) metastables density profiles for the positive and negative

half cycle are presented in figure 6.9 (a) and (b), respectively. In the positive half cycle, the anode is
located at the glass plate and in the negative half cycle, the glass plate is cathodic. The axial metastables
density profile in the positive half cycle is asymmetric with a larger density in front of the glass plate and
a minimum shifted towards the BSO crystal. This profile is similar to the emission profile of the second
positive system (SPS) of single microdischarges measured by cross-correlation spectroscopy [5, 29].
Since the population of metastables is assumed to take place by cascade processes from the C3Πu and
B3Πg states, the agreement of the metastables profile with the emission profile is comprehensible. As
for the emission, the larger electron density in front of the anode explains the larger metastables density
there. The metastables density in front of the cathode has a large error bar, but the measurements of the
time dependence in figure 6.4 showed that there is a metastables production in front of the cathode as
well. Although there is a low electron density, the large electric field causes a large excitation rate there
(compare figure 1.1 in section 1.1.1). Besides the distributions of the electron density and electric field
in a microdischarge, the asymmetric discharge configuration investigated here might result in a larger
metastables density in front of the glass plate. Due to the pin-like electrode there, the microdischarges
are more concentrated and a larger number of microdischarges might hit the detection volume.
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Figure 6.9: Measured axial N2(A3Σ+
u , v = 0) metastables density profiles in the (a) positive and (b)

negative half cycle of the filamentary barrier discharge (500 mbar, 5 kHz, Ûappl = 6.25 kV,
30 µs after zero-crossing of the voltage).

In the negative half cycle, the metastables density distribution is more homogeneous. Only small
increases towards the dielectrics are visible, but the measurements show large error bars. The reason
for the nearly constant level might be the combination of both discussed effects. On the one hand, the
metastables density should be larger in front of the anodic BSO crystal due to the larger electron density
there. On the other hand, the pin-like electrode is still at the glass plate, resulting in a spatial focussing
of the microdischarges. Hence, both effects discussed for the positive half cycle are vice versa in the
negative one and result in a nearly constant profile. A distinction of both effects desires a symmetric
discharge configuration. Furthermore, the different temporal developments in front of the anode and
cathode (figure 6.4) could not be considered in this measurement. At 30 µs after the zero-crossing of the
voltage, the density in front of the anode already decreases, whereas the density in front of the cathode
starts to increase.
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6. N2(A) metastables in filamentary barrier discharges

6.3.2 Simulation of axial diffusion

The analysis of the depletion processes in section 6.2.2 missed the treatment of the losses due to axial
diffusion to the walls because of the unknown axial density profiles. This should be catched up in this
section. As for the radial diffusion, the starting point is the diffusion current density

Jdiff(t, z) = −D∇nA = −D
∂nA

∂z
ez, (6.11)

and Fick’s law for the z-direction of the cylindrical coordinate system:

∂nA

∂t
= −∇Jdiff = −∂Jdiff

∂z
, Jdiff = |Jdiff|. (6.12)

In contrast to the diffusion in the radial direction, the axial diffusion is limited by the dielectrics. There,
the metastables are reflected or de-excited, which has to be regarded in a boundary condition. At the
dielectrics, the metastables flow to them is given by the thermal motion of the molecules. With the mean
thermal velocity

v̄th =

√
8kBTgas

πmN2

= 5.14 × 102 m s−1, (6.13)

the current density at the dielectrics is described by

J±th(t) =
1
4

v̄thnA(t, z = ±0.5 mm) (6.14)

[16]. This equation is only valid for the metastables within a mean free path length of

` =
kBTgas

π
√

2pd2
N2

= 0.159 µm, (6.15)

in front of the dielectrics (dN2 = 3.70 × 10−10 m [91]). Hence, regarding a surface area Adiel of the
dielectric, J±thAdiel molecules are reaching the dielectric per time from a volume Adiel`. At the dielectric,
only a fraction given by the wall recombination coefficient γA ≤ 1 of the metastables is de-excited.
The corresponding density decrease per time is γAJ±thAdiel/(Adiel`) = γAJ±th/`. Besides, the diffusion of
metastables from the volume changes the density at the dielectric. Thus, JdiffAdiel metastables enter the
volume Adiel` per time and the density increase per time is Jdiff/`. Altogether, the density change at the
dielectrics is described by

∂nA

∂t
(t, z = ±0.5 mm) = ± Jdiff(t, z = ±0.5 mm)

`
− 1

4
γA

v̄th

`
nA(t, z = ±0.5 mm). (6.16)

Based on these equations, a numerical simulation is performed with the measured axial density profiles
from figure 6.9 as starting densities nA(t = 0, z). The densities at z = ±0.5 mm are extrapolated from
the measured densities in the gap. For the wall recombination coefficient a value of γA = 0.2 is chosen.
This value is in the same range as the coefficients for secondary electron emission by metastables in
[22, 23] and in agreement with the upper limit of the wall reflection coefficient in [96] of 0.83, given for
borosilicate glass (Pyrex®, Corning Inc.) as dielectric. The results of the simulation are shown in figure
6.10. In (a), the axial density profiles are plotted for the recombination coefficient of γA = 0.2 and in
(b) the time dependent density at z = 0.3 mm is presented for various γA. The axial position z = 0.3 mm
corresponds to the position of the time dependent measurements in figure 6.5. As visible in figure 6.10
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Figure 6.10: Simulated axial N2(A3Σ+
u ) metastables density profiles for the (a) positive and (b) negative

half cycle under consideration of the axial diffusion with a wall recombination coefficient of
γA = 0.2. (c,d) Corresponding time dependences of the metastables density at z = 0.3 mm
for various wall recombination coefficients.

(a), the temporal evolution shows two effects. First of all, the diffusion results in a homogenisation
of the axial profile. The density decreases at its local maxima and increases at its local minima. The
second effect is the fast decrease in density at the dielectrics. The losses by the thermal motion are very
large there and the density becomes nearly zero at the dielectrics within the first microseconds. As a
consequence, a large density gradient develops between the dielectric and the volume, wherefore the
metastables from the centre of the gap diffuse to the dielectrics. However, the diffusion is too slow to
reduce the metastables density significantly at the positions |z| ≤ 0.3 mm within 150 µs. This shows figure
6.10 (b), where the time dependent metastables density at the position z = 0.3 mm is plotted for different
wall recombination coefficients. For γA = 0, no losses at the dielectric takes place and the metastables
density becomes constant within the gap. For γA > 0, there is a continuous loss of metastables at
the dielectrics. Surprisingly, the graphs for γA = 0.2 and 1 do not differ. At the beginning of the
simulation, the loss term is estimated by 1/4γAv̄thnA ∼ 5×104 cm s−1 ·1×1013 cm−3 = 5×1017 cm−2 s−1,
which is two orders of magnitude larger than the typical diffusion current density Jdiff ∼ D∆nA/∆z =

0.5 cm2 s−1 ·2×1013 cm−3/0.01 cm = 1015 cm−2 s−1. The metastables density at the dielectrics decreases
until the density gradient between the dielectric and the discharge centre is large enough to compensate
the wall losses by diffusion from the discharge centre (compare appendix C.2.4). This is the case when
the metastables density at the dielectric is nearly zero. Afterwards, the losses at the dielectrics are limited
by the diffusion current to the dielectrics. In principle, that means every arriving metastables molecule
reaching the dielectric is de-excited after a few microseconds, but it takes several hundreds microseconds
for the metastables to diffuse from the centre of the gap to the dielectrics. Since the diffusion limits the
total loss rate at the dielectrics, it is independent from the wall recombination coefficient γA.

The independence of the simulation results from the wall recombination coefficient allows a more
simple simulation with the boundary condition

nA(t, z = ±0.5 mm) = 0, t ∈ [0,∞[, (6.17)
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6. N2(A) metastables in filamentary barrier discharges

instead of (6.16). The resulted time dependent density profiles are nearly the same for both simulations,
which is shown in appendix C.2.5. The advantage of the much simpler boundary condition is the possi-
bility of taking a rougher grid and longer time steps for the simulation. Both effects reduce the computing
time for the simulation drastically.

Regarding the role of axial diffusion in the fast loss mechanisms after the microdischarge, one can
conclude that it is important within some mean free paths in front of the dielectrics, but not at the
measurement positions z = 0.3 mm. Nevertheless, the axial diffusion contributes to the slow decay
of the measured metastables density at the end of figure 6.5 (b).

6.3.3 Horizontal density profiles

Besides the axial density profiles, a horizontal scan of the metastables density was possible by moving the
laser beam position in the horizontal direction. Such measurements are presented in figure 6.11. Due to
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Figure 6.11: Horizontal N2(A3Σ+
u , v = 0) metastables density profiles in front of the glass plate in the (a)

positive and (b) negative half cycle and (c) in front of the BSO in the negative half cycle at
500 mbar, 5 kHz, Ûappl = 6.25 kV and z = ±0.3 mm.

the larger horizontal beam extent of about 1.5 mm, the step width of 0.5 mm is much larger in comparison
to the axial step width of 0.1 mm. The horizontal laser position ylsr = 0 corresponds to the position
where the laser beam intersected the central axis of the discharge cell. Hence, one can expect most
microdischarges and the largest metastables density at this position. Looking at the measured horizontal
metastables density profiles in figure 6.11, this is not the case. In front of the glass plate shown in (a) and
(b), the metastables density maximum is at ylsr = 0.5 mm. This deviation is in the range of the measuring
accuracy, because for the horizontal alignment with respect to the pin-like electrode an error of 1 mm
must be assumed (see section 5.3.3). Besides the central maximum, the metastables density is clearly
larger than zero. Hence, the ignition of microdischarges is widely spread around the central position,
which was visible with the naked eye. The surface charges from the previous microdischarges reduce the
electric field at the central axis, wherefore further microdischarges prefer to ignite some millimetres away
from the central axis. In front of the BSO crystal as presented in figure 6.11 (c), the horizontal density
distribution is even more blurred. This shows that fixing the microdischarge with the pin-like electrode on
top is not sufficient to fix the microdischarge at the plane electrode at the bottom. Furthermore, as already
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6.4 Filamentary mode forced by square wave excitation

discussed for the axial density profiles in section 6.3.1, the measurements presented in figure 6.11 were
performed for a fixed time. Hence, it is not clear which of the subsequent microdischarges in one half
cycle hit the laser beam. Furthermore, a random distribution of the microdischarges in time and space
cannot be expected because of the geometrically asymmetric discharge configuration. In conclusion, for
the characterisation of the lateral metastables density distribution of single microdischarges an improved
discharge configuration is necessary. This must guarantee a better fixing of the microdischarge in the
central axis and reduce the number of further microdischarges after the first. For measurements in the
multi-filamentary mode, the plane-to-plane discharge configuration presented in figure 2.1 (b) in section
2.1.3 is recommended.

6.4 Filamentary mode forced by square wave excitation

The previously presented measurements were performed in the pin-to-plane discharge configuration
sketched in figure 2.1 (a) in section 2.1.3 in combination with a sinusoidal applied voltage. Another
possibility to force the filamentary mode is the use of a square voltage at the plane-to-plane discharge
configuration in figure 2.1 (b) (compare [55]). In contrast to the previous discharge configuration, an ad-
ditional external resistor and an external capacitor were used to measure the total current and the external
charge, respectively. From these quantities, the discharge current and the gap voltage are calculated (see
appendix A.6). Although this calculation assumes a laterally homogeneous discharge, it gives also for
the filamentary mode an estimation of the spatially averaged gap voltage and the mean discharge current.
The gap voltage is plotted together with the applied voltage and the mean discharge current in figure 6.12
(a) and (b). As visible, the increase in voltage during the change of polarity is not infinitely steep for
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Figure 6.12: Time dependence of (a) the applied voltage, the gap voltage and (b) the averaged discharge
current for the filamentary mode of a square wave driven barrier discharge in pure nitrogen
(500 mbar, 2 kHz, Ûappl = 3.3 kV).

the applied and gap voltage. During the rising flank, the slope is about 200 V/µs for the applied voltage
and about 150 V/µs for the gap voltage. As discussed in [8], a steeper voltage gradient supports the
filamentary mode. In the presented measurements, the microdischarges are ignited when the spatially
averaged gap voltage reaches a value of 1.3 kV. This ignition voltage seems to be too low in compari-
son to ignition voltages between bare metal electrodes of 1.75 kV [106] (compare section 7.1), but the
inhomogeneous distribution of surface charges on the dielectric enhances the electric field locally. These
inhomogeneities are not considered in the electrical model used for the calculation of the gap voltage.
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6. N2(A) metastables in filamentary barrier discharges

As shown in [21], the spatial modulation of the surface charge density is in the same range as its mean
value. Hence, a gap voltage above 2 kV is probably present at specific points on the dielectric. At these
locations, the transported charge from the microdischarges of the previous half cycle were deposited.
The microdischarges of the subsequent half cycle prefer to ignite at the same positions, where the local
electric field is large enough for a breakdown. This memory effect was pointed out by surface charge
measurements in [21], using an identical discharge configuration as in this work.

The presented mean discharge current increases at the zero-crossing of the applied voltage and lasts
about 20 to 30 µs. This is half the duration of the frequency distribution of microdischarges in the sinu-
soidal driven pin-to-plane discharge configuration presented in figure 6.4. Hence, more microdischarges
per time are ignited. This simplifies the analysis of the time dependent metastables density with respect
to the microdischarges. Measurements of the metastables density are presented for the positive and neg-
ative half cycle in figure 6.13 (a) and (c) in comparison to the applied voltage and averaged discharge
current from 128 cycles in (b) and (d). The measurements were performed in the centre of the gap at
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Figure 6.13: Time dependence of the N2(A3Σ+
u , v = 0) metastables density in the filamentary mode

forced by square wave voltage in the plane-to-plane discharge configuration in the centre
of the gap for the (a) positive and (c) negative half cycle in comparison to the applied
voltage and averaged discharge current in (b) and (d) (500 mbar, 2 kHz, Ûappl = 3.3 kV,
z = 0 mm).

z = 0 mm and not at z = ±0.3 mm as in the measurements in the pin-to-plane discharge configuration.
As a result, the metastables density is lower than at the dielectrics, but comparable to the values in the
centre of the axial density profiles in figure 6.9. In both half cycles, the metastables density increases
during the current pulse and decreases afterwards. A delay of the metastables production with respect
to the discharge current cannot be identified, since the temporal resolution is not sufficient. Moreover,
one cannot specify which microdischarges are ignited in the detection volume. Even the assumption of
a random distribution of the microdischarges in the lateral direction is not valid because of the memory
effect. The microdischarges prefer to ignite at a position of a previous microdischarge [21]. Hence, the
spatial distribution of microdischarges might be the same for a sequence of laser pulses.
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7 N2(A) metastables in diffuse barrier discharges

This chapter deals with the investigation of the metastables density in the diffuse discharge mode. Due to
its homogeneity in the lateral direction, the diffuse discharge mode is interesting for applications. From
the diagnostics point of view this homogeneity is an advantage. It simplifies the alignment of the laser
beam as well as the interpretation of the results. The measurements were performed in the plane-to-
plane discharge configuration shown in figure 2.1 (b), because a lateral localisation of the discharge is
not necessary.

7.1 Electrical and optical characterisation of the diffuse discharge mode

The easiest approach for the characterisation of an electrical discharge is the measurement of the applied
voltage, the external current and the plasma induced optical emission. From them, some characteristic
parameters of the discharge itself are deduced, for example, the discharge current and the transported
charge. The detailed derivation of these quantities from the measured signals is presented in appendix
A.6. In figure 7.1 (a), the measured applied voltage Uappl is plotted together with the calculated gap
voltage Ugap for the diffuse discharge mode. The pressure was 500 mbar, the sinusoidal applied voltage
had a frequency of 2 kHz and an amplitude of Ûappl = 4 kV. Below in figure 7.1 (b), the corresponding
discharge current is plotted. In contrast to the sinusoidal applied voltage, the shape of the gap voltage
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Figure 7.1: (a) Time dependence of the applied and gap voltage, and (b) time dependence of the dis-
charge current for the diffuse barrier discharge (500 mbar, 2 kHz, Ûappl = 4 kV).

differs from a pure sine. The gap voltage increases together with the applied voltage until it reaches the
breakdown voltage of about ±2 kV at about 30 µs and 280 µs. For comparison, the breakdown voltage is
given in [106] by E/p = 35 kV/(cm ·atm) for pure nitrogen. This results in a voltage of 1.75 kV for a gap
of 0.1 cm and a pressure of 500 mbar as for this experimental conditions. The actually measured value in
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7. N2(A) metastables in diffuse barrier discharges

figure 7.1 is larger. This deviation is probably caused by the uncertainties of the electrical measurement.
A weaker secondary electron emission at the dielectric in comparison to metallic electrodes might also
play a role. After the discharge ignition, the gap voltage remains constant during the discharge pulse.
The further increase of the applied voltage is compensated by the accumulation of surface charges on the
dielectric. In [21], it was shown that the measured surface charges are in excellent agreement with the
integrated discharge current. The discharge current pulse lasts until the maximum of the applied voltage
at 125 µs is reached. The following decrease in applied voltage results in a decrease in gap voltage
below the breakdown voltage and the discharge extinguishes. During the decrease in applied voltage, the
surface charges on the dielectrics remain and cause a finite gap voltage even when the applied voltage
becomes zero at 250 µs. In the subsequent half cycle, the surface charges enhance the external electric
field and the discharge ignites even before the applied voltage exceeds the gap voltage.

The discharge current pulse in figure 7.1 (b) has a duration of about 100 µs and a maximum of 0.7 mA.
Taking the area of the circular mirror of π/4 · (15 mm)2 = 1.8 cm2 gives a maximal current density
of 0.4 mA cm−2. Both the pulse duration and current density are typical for Townsend-like barrier dis-
charges [10].

Another important diagram for the characterisation of a barrier discharge is the charge-voltage plot in
figure 7.2. It enables the determination of the dissipated energy per voltage cycle and the characteristic
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Figure 7.2: Charge-voltage plot for the diffuse barrier discharge in pure nitrogen (500 mbar, 2 kHz,
Ûappl = 4 kV).

capacitances of the discharge configuration. For the diffuse mode, the measured curve is a parallelogram.
Its surface area represents the dissipated energy Eel = 168 µJ during one period. The corresponding
power is Pel = Eel f = 336 mW and the energy density is Eel/(1.8 cm2 × 1 mm) = 930 µJ cm−3. The
flatter slopes of the parallelogram correspond to the time without discharge when the external current
consists only of the displacement current. Hence, the slope dQext/dUappl of this part is given by the
total capacitance Ctot = 4.7 pF of the discharge configuration. During the discharge pulse, the slope is
interpreted as the capacitance Cdiel = 17.0 pF of the dielectrics, assuming a constant cap voltage during
this time. The difference of the external charge at the corners of the parallelogram is the transported
charge ∆Q = 39 nC during one discharge pulse. It agrees very well with the integrated discharge current
of figure 7.1 (b). Furthermore, the measured amount of surface charges in an identical discharge config-
uration shows a very good agreement of the deposited charge with the transported charge determined by
the charge-voltage plot [21].

Besides the electrical characterisation, the detection optics allow to measure the discharge induced
optical emission spectrally and temporally dependent. A spectrum of the diffuse discharge is shown
in figure 7.3. As for the filamentary mode, only the range below 440 nm is shown, because no peaks
above this wavelength could be observed, in particular not the first positive system (compare figure 2.2
in section 2.2). All significant peaks are identified with vibrational branches of the second positive
system (SPS). The most intensive line is the 0− 0 transition at 337.6 nm. In contrast to the spectrum of a
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microdischarge in figure 6.2 in section 6.1, the first negative system (FNS) at 391 nm cannot be observed.
For the 0− 0 transition of the second positive system at 337.6 nm, the time dependent normalised optical
emission is presented in figure 7.4 together with the normalised discharge current. Both signals agree
very good in their shape, even the small overshoot during the discharge pulse in the positive half cycle
at 40 µs is visible in both signals. The identical shape of both signals is the result of the direct electron
impact excitation of the C3Πu state and the proportionality of the electron density to the discharge current.
Furthermore, the optical emission is not delayed with respect to the discharge current because of the short
radiative lifetime of the C3Πu state being in the nanosecond range [29].
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7. N2(A) metastables in diffuse barrier discharges

7.2 Transition to the hybrid mode

The discharge mode presented in the previous section is not stable at the given applied voltage with
a frequency of 2 kHz and an amplitude of Ûappl = 4 kV. Typically after some minutes, it develops a
hybrid mode as an intermediate state between the diffuse and the filamentary mode. A comparison of the
electrical characteristics soon after the first ignition and five minutes later is shown in figure 7.5. In (a),
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current measured by the Rogowski coil for the transition from the diffuse discharge mode to
the hybrid mode (500 mbar, 2 kHz, Ûappl = 4 kV).

the applied and the gap voltage are shown, in (b), the corresponding discharge current is presented. As
visible in figure 7.5 (a), the applied voltage is the same after 5 minutes, whereas the gap voltage changes.
The gap voltage during the discharge pulse decreases from 2.2 kV to 2.1 kV. At the beginning of both
half cycles, the absolute value of the gap voltage is larger after five minutes than in the first minutes.
The larger gap voltage at the beginning of the half cycle causes an earlier discharge ignition during the
half cycles. In turn, the earlier discharge ignition results in a longer discharge pulse and a larger amount
of surface charges at the dielectrics after the discharge as visible in figure 7.5 (c). This larger amount
of surface charges causes the larger gap voltage at the beginning of the half cycles. It is not clear if
the longer discharge pulse is the reason for the larger amount of deposited surface charges, or if the
surface is able to deposit more surface charges after some minutes of operation, enabling the longer
current pulse. Since the time for the transition from the diffuse to the hybrid mode is several minutes,
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7.3 Spatio-temporal behaviour of metastables

the accumulation of metastables is excluded as a reason for this transition. More probable is an increase
in surface temperature or a change of the surface structure. Both effects might change the probability for
the deposition of charges on the dielectrics, which would explain the larger amount of surface charges
on the dielectric and the longer discharge pulses.

Besides the increase in discharge pulse duration, the positive current pulse shows a peak at the be-
ginning. This peak indicates the transition to the filamentary mode, similar to the transition induced by
oxygen admixtures [6]. To proof this, the current measured by the Rogowski coil is presented in figure
7.5 (d). This current signal consists of a large current peak in the positive half cycle, whereas it shows
only a small dip in the negative half cycle. Hence, the discharge operates only in the positive half cycle
in the hybrid mode and in the negative half cycle the usual diffuse discharge is present.

The difference between both half cycles is surely related to the asymmetric discharge configuration
with two different dielectrics. During the positive half cycle, the cathode is at the BSO and the electrons
are accelerated towards the glass plate. In the negative half cycle, the situation is vice versa. That means,
if secondary electron emission by metastables plays a role for the pre-ionisation, then it would count in
the positive half cycle at the BSO, whereas it would be important at the glass plate in the negative half
cycle. Consequently, the secondary electron emission at the BSO is probably less effective in comparison
to the glass plate. This can have two reasons, once a lower metastables density in front of the BSO at
the time when the discharge ignites or a lower secondary electron emission coefficient of the BSO. The
first possibility should be clarified in the following sections, the second must be pointed out by theory or
other experiments.

7.3 Spatio-temporal behaviour of metastables

As a first step, the time dependence of the N2(A3Σ+
u , v = 0) metastables density was measured in the

centre of the gap. This is shown in figure 7.6 (a) for a full period in comparison to the applied voltage
and discharge current in (b). The N2(A3Σ+

u , v = 0) metastables density varies in the order of magnitude
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7. N2(A) metastables in diffuse barrier discharges

of 1013 cm−3 as the mean density in the filamentary mode. The temporal scan shows one metastables
density maximum per half cycle. The maximum seems to be delayed with respect to the discharge
current, which is similar to the delay in the filamentary mode in figure 6.5 in section 6.2. After the
maximum, the density decreases to a value of about 1013 cm−3 at the beginning of the next half cycle.

The maximal metastables density of 3 × 1013 cm−3 is about two times larger than the maximum of
1.5 × 1013 cm−3 in [7]. Despite the much different detection schemes and calibration procedures, both
measurements give the same order of magnitude for the metastables density. The remaining difference
is explainable by the different discharge parameter. In [7], the barrier discharge is characterised by a gap
width of 1.4 mm, a pressure of 1 bar, a frequency of 1.79 kHz and an amplitude of the applied voltage
of 5.5 kV. The larger gas pressure in [7] should result in a larger metastables density production, but
the larger gas pressure results also in faster loss processes due to quenching. Hence, a doubling of the
pressure should not coincide with a doubling of the metastables density. Furthermore, in [7], the laser
beam illuminated the entire discharge gap, which might result in a lower measured metastables density.

In comparison to simulations from [41] and [6], the measured metastables density is at least one
order of magnitude larger. In [41], the reason for the difference might be the missing cascade processes
from the C3Πu and the B3Πg state to the A3Σ+

u state in the simulation. In [6], the excitation via the
C3Πg state was included, but the electron impact excitation of the B3Πg state was still missing in the
model. Furthermore, the presented metastables density in [6] is shown only for oxygen admixtures of
300 ppm and 600 ppm. Hence, this is as well a reason for the lower value, because of the large quenching
by oxygen. Further simulation results are presented in [9] with a maximum metastables density of
1013 cm−3, which is averaged across the discharge gap. Unfortunately, the actually included excitation
processes are not presented there.

To get a closer look on the time dependence, the measurement was repeated with shorter time steps for
the different half cycles and several positions. In figure 7.7 (a) and (d), the measured metastables density
is shown for the positive and negative half cycle in the centre of the gap. In (b) and (e), the laser axis was
shifted to a position about 0.2 mm in front of the respective anode. For comparison, the applied voltage
and discharge current are shown in (c) and (f). At both positions and in both half cycles, an increase of
the metastables density during the current pulse is obvious. The delay of the metastables maximum with
respect to the current maximum remains. This delay has already been observed indirect by the detection
of the NOγ emission [6, 7, 36], which is excited by the energy transfer (1.7) from the N2(A3Σ+

u ) molecule
to the NO molecule. In contrast to the filamentary mode, the maximum of the metastables in the diffuse
mode appears during the current pulse and not in the afterglow. Hence, the conclusions drawn for the
afterglow of a single microdischarge in section 6.2.1 cannot be done for the diffuse mode. In the diffuse
discharge, the long lifetime of the metastable molecule is probably responsible for the delay, similar to
the delay of the LIF signal with respect to the Rayleigh signal caused by the finite effective lifetime of
the excited state.

The typical decay times of the metastables after the discharge pulse are in the order of 100 µs. In [7],
a loss rate of 2 × 104 s−1 was given for the metastable state, corresponding to a decay time of 50 µs.
This time is two times shorter than in the measurements at 500 mbar, which is in agreement with the
two times larger pressure. The decay time of 100 µs at 500 mbar cannot be achieved only by quenching
with the background gas. The corresponding decay time calculated in section 6.2.2 was 330 µs, which
is three times larger. The first candidate for the metastables decay is again the pooling reaction. With a
rate coefficient of kpool = 3 × 10−10 cm3 s−1 and a metastables density of nA = 3 × 1013 cm−3, the typical
time constant is 1/kpool/nA = 111 µs. This time is close to the measured decay time. Another known
quenching partner are nitrogen atoms. With a quenching rate of kA,N = 4.4 × 10−11 cm3 s−1, the nitrogen
atom density would be nN = 1/(100 µs)/kA,N = 2.3 × 1014 cm−3. This value for the nitrogen atom density
is in the range measured in [55] in a similar barrier discharge. Besides the nitrogen atoms, impurities
might have an influence on the metastables decay time. The most prominent candidate is molecular oxy-
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Figure 7.7: Time dependent N2(A3Σ+
u , v = 0) metastables density (a,d) in the centre of the gap and

(b,e) in front of the respective anodes in comparison with (c,f) the applied voltage and
the discharge current for both half cycles of the diffuse discharge mode (500 mbar, 2 kHz,
Ûappl = 4 kV).

gen, which quenches nitrogen metastables with a rate of kA,O2 = 2.5× 10−12 cm3 s−1. The corresponding
oxygen molecule density for a decay time of 100 µs is nO2 = 1/(100 µs)/kA,O2 = 4 × 1015 cm−3. At a
background gas density of nN2 = p/kBTgas = 1.0 × 1019 cm−3 at 500 mbar and Tgas = 350 K, this would
be an oxygen content of 400 ppm. In comparison to the oxygen entering the chamber estimated by the
leakage rate in appendix A.5.3, this is about five times larger. Hence, the oxygen impurities alone cannot
explain the decay time of 100 µs. The pooling reaction and the quenching by nitrogen atoms are the most
probable loss processes.

The comparison of the measurements in the centre shown in figure 7.7 (a) and (d) offers a clear differ-
ence in the metastables density for the positive and negative half cycle. The density in the positive half
cycle is by a factor of two larger. One reason might be the hybrid mode in the positive half cycle, but
such a difference between the half cycles was also observed in [7]. Hence, this effect is probably caused
by a wrong laser position with respect to the discharge configuration. If the axial density profile has
a steep gradient in the centre, an imprecise laser position might cause this difference. The metastables
density behaviour in front of the respective anodes in figure 7.7 (b) and (e) is similar. In both cases, the
metastables density is larger than in the centre of the gap. Remarkable is also the non-zero density value
at the beginning of the half cycles. In the positive half cycle, the density decreases until the discharge
ignites, whereas the density remains nearly constant in the negative half cycle. This might be correlated
to the smoother current increase during the discharge ignition in the negative half cycle.
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Figure 7.8: Axial N2(A3Σ+
u , v = 0) metastables density profiles at a time of (a,b) 100 and (c,d) 125 µs

after Uappl = 0 in the (a,c) positive and (b,d) negative half cycle, respectively (500 mbar,
2 kHz, Ûappl = 4 kV).

To analyse the spatial distribution of the metastables, axial scans were performed for fixed times
in the positive and negative half cycle. In figure 7.8 (a) and (b), the laser was fired at t = 100 and
350 µs, which is each 100 µs after the zero crossing of the applied voltage. These times correspond to the
metastables density maximum of the time dependent measurements in figure 7.7. In (c) and (d), the time
was 125 µs and 375 µs. These are the times when the absolute value of the applied voltage is maximum
and the discharge extinguishes. As visible in all cases, there is an accumulation of metastables in front
of the anode, whereas the metastables density in front of the cathode is around zero. This corresponds
to measurements of the optical emission in [21] and underlines the mechanism of the Townsend-like
discharge mode. The electrons are accelerated in an undisturbed homogeneous electric field to the anode,
wherefore the electron density increases exponentially towards the anode. Since the electrical field is
constant across the gap, the metastables density increases with electron density, which has its maximum
at the anode. However, the metastables density does not increase exponentially towards the anode. The
reason is probably an increase in the depletion of metastables towards the anode. The larger electron
density there results in a larger concentration of radicals, as for example nitrogen atoms. These radicals
enhance the quenching of metastables in front of the anode and the larger production rate is balanced.

Comparing the axial profiles in figure 7.8 with the time dependent measurements in figure 7.7, the
metastables density is mostly larger at z = 0 and mostly lower at z = ±0.3 in the axial profiles. This
might be caused by the measurement procedure. For the time dependences, the measurement started
with 5 repetitions for each time, so altogether 2× 5× 500 laser pulses. This corresponded to a measuring
time of about 10 minutes. After these 10 minutes, the time of the laser pulse with respect to the voltage
cycle was changed and the procedure was repeated for the next position in time. After finishing this
first temporal scan, consisting, for example, of 10 measurement points as in figure 7.7 (a), the whole
temporal scan was repeated several times. As a consequence, a temporal drift of the discharge parameter
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7.3 Spatio-temporal behaviour of metastables

or metastables density should not effect the temporally resolved curves in figure 7.7. For the axial density
profiles, the measurement procedure was different, because the vertical laser position was only tunable
manually. Starting point was always the position z = 0 with 25 measurements, hence, 25 × 2 × 500 laser
pulses. The measurement time was about 50 minutes, and afterwards the axial position was changed
to z = 0.1 mm. At this new position, again 25 measurements were performed. This procedure was
continued with alternating axial positions (z = 0, 0.1,−0.1, 0.2,−0.2, 0.3,−0.3 mm) and an increasing
number of measurements per position (about 40 at z = ±0.3 mm). The disadvantage of this procedure
is the influence of temporal drifts on the axial metastables density profiles. Presuming a decrease in
metastables density during one measurement day, for example, because of an increase in impurities, the
measured values in front of the dielectrics would be too low. Therefore, the saturation of the density
profiles in front of the anode is not as clear as in figure 7.8.

However, the density increase in the centre of the gap is actually very steep. Hence, an imprecise
vertical laser position might actually be the reason for the different absolute metastables density in the
different half cycles in the centre of the gap in figure 7.7 (a) and (d).

The comparison of the profiles in the different half cycles and for the different positions in time show
fine differences. During the discharge at t = 100 µs, the density in the positive half cycle is larger than
in the negative one. This agrees with the time dependences in figure 7.7. The reason might be the
different discharge modes in the half cycles, the hybrid mode in the positive one and the diffuse mode
in the negative half cycle. After the discharge pulse, the metastables density profiles are nearly axially
symmetric as expected for a geometrically symmetric discharge configuration.

Since there are no other spatially resolved metastables density measurements for diffuse barrier dis-
charges, only a comparison with simulations is possible. The model in [6] shows an exponential increase
in density towards the anode. This indicates missing quenching processes by other excited molecules or
an underestimation of species, for example, the nitrogen atom density could be too low. Furthermore,
the clearly lower metastables density in [6] underestimates the contribution of the pooling reaction since
the latter is a second order process.
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7. N2(A) metastables in diffuse barrier discharges

7.4 Influence of discharge parameter on the metastables density

The previously presented results were measured for one equal parameter set, with an applied voltage at a
frequency of 2 kHz and an amplitude of Ûappl = 4 kV. Furthermore, the gas flow rate was kept constant
at 100 sccm. To evaluate the generality of the spatio-temporal behaviour of the metastables density in the
diffuse discharge a parameter variation is necessary. This is done in the following sections with different
amplitudes and frequencies of the applied voltage and a variation of the gas flow rate.

7.4.1 Variation of amplitude of applied voltage

In figure 7.9 (a), the time dependence of the metastables density in the negative half cycle at z = −0.2 mm
is shown for three different amplitudes of the applied voltage. Because of the long measurement time
of several days, a full scan of the spatio-temporal dependence for different voltages was not possible. In
comparison to the metastables density, the discharge current is presented in (b) and the gap voltage and
applied voltage in (c). Looking at the discharge current in (b), the discharge ignites earlier for a larger
applied voltage. This correlates to the gap voltage, which reaches the ignition voltage earlier. During the
discharge pulse, the gap voltage remains constant as discussed in the previous sections. The discharge
extinguishes for all voltage amplitudes at the same time, when the applied voltage has its maximum. As
a consequence of the longer discharge pulse in combination with the constant gap voltage, the converted
energy increases with the applied voltage (compare figure A.19 and A.20 in appendix A.6.3). Regarding
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Figure 7.10: Axial N2(A3Σ+
u , v = 0) metastables density profiles 100 µs after zero crossing of the applied

voltage with (a,b) Ûappl = 3.75 kV and (c,d) Ûappl = 4 kV in the (a,c) positive at 100 µs and
(b,d) negative half cycle at 350 µs (500 mbar, 2 kHz).

the metastables evolution, its maximum density increases with applied voltage. This corresponds to the
larger converted energy. After the discharge pulse, there is no significant difference in density observable.

Besides the time dependences, the comparison of axial metastables density profiles for two different
amplitudes of the applied voltage is presented in figure 7.10. As visible, the agreement of the profiles at
Ûappl = 3.75 kV with the profiles at Ûappl = 4 kV is better than the symmetry of the profiles from the pos-
itive and negative half cycle. Comparing the absolute values, the metastables density at Ûappl = 3.75 kV
is slightly lower than at Ûappl = 4 kV, but the difference is within the error bars.

7.4.2 Variation of frequency of applied voltage

The frequency of the applied voltage was changed from 2 to 5 kHz, since many measurements in the
filamentary mode were performed at this frequency. In figure 7.11 (a), (c) and (d), the time and axially
dependent metastables density for a frequency of 5 kHz and an amplitude of Ûappl = 3.5 kV of the applied
voltage is presented. The corresponding applied voltage, gap voltage and discharge current are shown
in (b). The electrical signals in (b) are principally the same as for 2 kHz. The discharge ignites during the
rising slope of the applied voltage when the gap voltage is about 1.8 kV, which is lower than about 2.0 kV
at a frequency of 2 kHz (see section 7.1). Due to the larger frequency, the current pulse duration is much
shorter and has a larger maximum. The converted energy is Eel = 108 µJ (see figure A.21 in appendix
A.6), which is a little bit larger than for the same voltage amplitude at 2 kHz and lower than Eel = 168 µJ
for the typical conditions of 2 kHz and Ûappl = 4 kV. The time dependence of the metastables density
equals to the 2 kHz case. During the current pulse, the density increases, and afterwards, the density
decreases. In comparison to figure 7.6 and 7.7, the maximum density is slightly larger. This might be
caused by the larger current density at 5 kHz. The valuation of the metastables decay after the maximum
is difficult. On the one hand, the converted energy at 5 kHz and Ûappl = 3.5 kV is about 60 % of the
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Figure 7.11: (a) Time dependent N2(A3Σ+
u , v = 0) metastables density in the centre of the gap, (b)

time dependent applied voltage, gap voltage and discharge current at 500 mbar, 5 kHz and
Ûappl = 3.5 kV. Corresponding N2(A3Σ+

u , v = 0) metastables density profile at the (c)
maximum and (d) minimum of the applied voltage.

energy at 2 kHz and Ûappl = 4 kV. On the other hand, the residence time of the gas in the discharge
volume is by a factor of 2.5 larger due to the shorter period of the applied voltage. Hence, the entire
converted energy in a sample volume is by a factor of 1.5 larger when reaching the detection volume. As
a result, the density of nitrogen atoms should be larger than for the standard conditions with a frequency
of 2 kHz and a voltage amplitude of Ûappl = 4 kV. Due to the larger density of nitrogen atoms, the decay
time of metastables after the discharge is shorter. Unfortunately, the temporal resolution is too low and
the LIF measurement error is too large to see such an effect.

The axial metastables density profiles in figure 7.11 (c) and (d) were measured 50 and 150 µs after
the rising zero crossing of the applied voltage when the discharge extinguishes. They show a nearly
constant metastables density in the gap and no increase in metastables density towards the anode. This
is a large difference to the metastables density profiles in figure 7.8 (c) and (d) measured at 2 kHz and
Ûappl = 4 kV. The reason is the short time between the discharge pulses from the two half cycles, which
is shown by the simulation in section 7.6.1.
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7.4 Influence of discharge parameter on the metastables density

7.4.3 Variation of the gas flow rate

As discussed in section 7.3, the nitrogen atoms and impurities can have a large influence on the quenching
of metastables. In [55], the nitrogen atoms accumulate after several discharge cycles and can reach values
in the range of 1014 cm−3 at atmospheric pressure. Their density increases with the dissipated energy,
regardless of whether because of a longer residence time or an increase in applied voltage. In both cases
the nitrogen atom density saturates at long enough residence times or energy input.

In figure 7.12 (a-c), the dependence of the axial metastables profiles on the gas flow rate is shown
for the positive half cycle. In (d-f), the time dependences of the metastables density are presented for
gas flows between 10 and 1000 sccm during the positive half cycle in front of the glass plate. The
previously presented measurements were performed with a gas flow rate of 100 sccm and are presented
in the central row of the figure. For this gas flow rate, the metastables accumulate at the anode, but
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u , v = 0) metastables density profiles for t = 100 µs in the positive
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u , v = 0) metastables density at z = 0.3 mm in
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Ûappl = 4 kV.
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7. N2(A) metastables in diffuse barrier discharges

there is no exponential increase in density towards it. Looking at the profile at 1000 sccm in figure 7.12
(a), the situation is different. As for 100 sccm, the metastables accumulate at the anode, but in contrast
to 100 sccm, the increase in density towards the anode is much steeper and no plateau is formed. This
corresponds much better to the exponential increase of the electron density towards the anode (compare
section 1.1.2). The reason for the increase in metastables density at 1000 sccm might be the lower
concentration of nitrogen atoms and impurities due to the larger gas flow rate. Since the residence
time of the gas in the discharge is lower at higher gas flow rate, the number density of nitrogen atoms
is lower. At 100 sccm, the residence time of the gas in the discharge is about 10 ms until it reaches
the detection volume (about half of the total residence time, see appendix A.5.1). During this time, a
sample volume consumes the energy of 20 discharge cycles. Since the energy density of one discharge
cycle is of about 930 µJ cm−3 (see section 7.1), a sample volume absorbs an energy of 19 mJ cm−3 until
it reaches the detection volume. In [55], this energy density corresponds to a nitrogen atom density
of about 1014 cm−3, which is on the rising slope of the nitrogen atom density to energy dependence.
As a consequence, a ten times larger gas flow rate of 1000 sccm causes a much lower nitrogen atom
density and a less quenching of N2(A) metastables by them. This is visible in the comparison of the time
dependences at 100 and 1000 sccm in figure 7.12 (e) and (d). For the larger gas flow rate, the decrease in
density after the discharge is slower. To check this behaviour, the gas flow rate was reduced to 10 sccm.
For this gas flow rate, the dissipated energy per unit volume is about 190 mJ cm−3, large enough for a
saturation of the nitrogen atom density (see again [55]). In comparison to 100 sccm, the decay after the
discharge should be faster because of the larger quenching by nitrogen atoms. As visible in 7.12 (f),
this is actually the case. Surprisingly, the maximum value of the metastables density at a gas flow rate
10 sccm is larger than at 100 sccm. This is also visible at the axial profiles of the metastables density
in figure 7.12 (c). As expected, the axial profile shows an accumulation of the metastables in front of
the anode, but the profile neither increases exponentially towards the anode nor it shows a plateau there.
A steep increase in metastables density in the centre of the gap and a slow decrease towards the anode
from the centre are visible. As a conclusion, the distribution of quenching species during the discharge
pulse changes drastically with gas flow rate. The discussion can be extended to impurities, whose density
increases with decreasing gas flow rate as the nitrogen atom density. To distinguish the effect caused by
nitrogen atoms and oxygen impurities, a simultaneous measurement of the nitrogen atom density would
be necessary in combination with a controlled variation of oxygen impurities.

7.5 Simulation of metastables depletion after the discharge pulse

After the discharge pulse, the excitation of metastables is neglected and their behaviour is determined
by the loss processes. Since the axial density profiles at the end of the discharge pulse were measured,
a simulation of the metastables depletion after the discharge pulse is possible. The model sets up on the
model for the axial diffusion in section 6.3.2. As in equation (6.11), the diffusion current density of the
metastables is

Jdiff = −D
∂nA

∂z
. (7.1)

The rate equation for the metastables density is

∂nA

∂t
= −∂Jdiff

∂z
− kpooln2

A − KA,N2nA, (7.2)
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Figure 7.13: (a,b) Simulated axial N2(A3Σ+
u ) metastables density profiles for different times after the dis-

charge extinction for the positive and negative half cycle and (c,d) time dependent metasta-
bles density in the centre of the gap and (e,f) in front of the respective anodes. In (c-f), the
measured metastables density from figure 7.7 is added.

adding the losses by the pooling reaction and the quenching by the bachground gas to the diffusion term.
The same must be done for the boundary conditions at the dielectrics:

∂nA

∂t
(t,±0.5 mm) = ± Jdiff(t,±0.5 mm)

`
− 1

4
γA

v̄th

`
nA(t,±0.5 mm)

− kpooln2
A(t,±0.5 mm) − KA,N2nA(t,±0.5 mm).

(7.3)

As in chapter 6, D = 0.52 cm2 s−1 is the diffusion coefficient. For the pooling reaction, the rate coefficient
of kpool = 3 × 10−10 cm3 s−1 is taken. An upper limit for the quenching by other species in the volume
is KN2 = kA,N2nN2 = kA,N2 p/(kBTgas) = 3.0 × 103 s−1. This value corresponds to a rate coefficient of
kA,N2 = 3.0× 10−16 cm3 s−1 [44, 95] for quenching with the background gas. As discussed in section 7.3,
the actual process is probably quenching by nitrogen atoms or impurities. Since their exact density is
unknown, the rate of KN2 = 3.0 × 103 s−1 is taken. For the wall recombination coefficient, again a value
of γA = 0.2 is used, although it is shown in appendix C.2.5 that its exact value does not effect the results.

The simulation starts at t = 125 µs and t = 375 µs with the measured metastables density profiles in
figure 7.8 (c) and (d) for the discharge afterglow in the positive and negative half cycle, respectively.
The values at z = ±0.3 mm are taken from the measurements of the time dependence in figure 7.7. At
the dielectrics, the same metastables densities as at z = ±0.3 mm are assumed. The simulated density
profiles at different times are plotted for the two half cycles in figure 7.13 (a) and (b). As for the axial
diffusion in the filamentary mode in section 6.3.2, the density at the dielectrics decreases within a few
microseconds to zero. Hence, the starting value at the dielectrics is irrelevant for the temporal behaviour
in the volume with |z| ≤ 0.3 mm. At these positions, the density decrease is much slower, but still faster
than the spreading of the profile by diffusion. In figure 7.13 (c-f), the corresponding time dependences
of the metastables density at the positions z = 0 and z = ±0.3 mm are shown in comparison with the
measured time dependences from figure 7.7. The simulated metastables depletions in figure 7.13 (c,e)
and (f) are in good agreement with the measured values, only the measurement in the centre during the
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7. N2(A) metastables in diffuse barrier discharges

negative half cycle in (d) differs from the simulation. This difference concerns mainly the starting value.
The decay time is comparable to the other curves. The agreement of the simulated time dependences
with the measured ones confirms that the total loss rate has the right order of magnitude.

7.5.1 Comparison of loss processes

The advantage of modelling is the opportunity to evaluate the influence of every single process on the
metastables behaviour. Therefore, the different loss rates of the three loss processes and the total loss rate
of metastables are plotted time dependent in figure 7.14 for the two half cycles and the positions z = 0
and z = ±0.3 mm. Just after the discharge pulse at 125 and 375 µs, the losses by the pooling reaction
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Figure 7.14: Simulated loss rates for the different loss processes of the N2(A3Σ+
u ) metastables after the

discharge extinction for the (a,b) positive and (c,d) negative half cycle at (a,c) z = 0 and
(b,d) z = ±0.3 mm.

dominate in all cases. At about 250 and 500 µs, the quenching by the background gas becomes the
leading loss process. The diffusion losses are of minor importance as for the filamentary mode (compare
section 6.3.2). They are slightly larger in the centre than at z = ±0.3 mm, since the density gradient is
large at z = 0. In front of the BSO in the negative half cycle in (d), the diffusion loss rate is temporary
negative. At this time, the flow of metastables to the position z = −0.3 mm is larger than the flow of
metastables from this position.

7.5.2 Flow of metastables to the dielectrics after the discharge pulse

Although the diffusion losses are negligible, the inclusion of the diffusion in the model has an important
reason. It enables the calculation of the metastables flow to the dielectrics. As motivated in section
1.1.3, the metastables might release electrons from the dielectric. To estimate the influence of this pro-
cess, the diffusion fluxes to the dielectrics are calculated and presented in figure 7.15. The figure shows
a metastables diffusion current density above 1016 cm−2 s−1 at the beginning of the simulation and a
fast decrease afterwards. At the beginning of the subsequent half cycle at 250 and 500 µs, a diffusion
current density of between 4 × 1014 and 5 × 1014 cm−2 s−1 is visible. During the ignition of the next dis-
charge pulse at 280 and 530 µs (compare figure 7.5 in section 7.2), the diffusion current density is about
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Jdiff = 3 × 1014 cm−2 s−1. This value differs little for both half cycles due to the different starting densities
in the simulation, but the order of magnitude is the same. The same order of magnitude was found by a
simulation in [9, 37] for atmospheric pressure. Using the diffusion current density of metastables at the
dielectrics, the secondary electron emission current density of electrons is

JSEE
A = γSEE

A Jdiff ≈ 5 × 1013 cm−2 s−1 (7.4)

at the time of the ignition of the discharge pulse. The secondary electron emission coefficient of
γSEE

A = 0.15 . . . 0.2 for SiO2 is taken from calculations in [22, 23]. It is nearly the same as the wall
recombination coefficient γA for borosilicate glass (Pyrex®, Corning Inc.) [96], indicating that the de-
excitation of metastables at the dielectrics is associated with secondary electron emission. For the BSO
crystal, a calculation of γSEE

A has not yet been done. Having the electron emission current density, the
current at the anode induced by these electrons is

ISEE
anode = e0JSEE

A exp(αTddgap)Adis. (7.5)

With the first Townsend coefficient αTd = 28.9 cm−1 (see appendix C.3), the surface area Adis = 1.8 cm2

of the aluminium mirror and the gap with of dgap = 1 mm one ends up with Ianode = 0.26 mA. This is
about 40 % of the maximal discharge current of 0.7 mA (compare section 7.1). Hence, the secondary
electron emission current caused by the metastables from the previous discharge pulse is large enough to
carry a significant part of the discharge current. It underlines the assumption that the electrons released
by secondary electron emission are important for the homogenisation during the ignition of the diffuse
discharge. To verify this, a two-dimensional model including the charged species is necessary to simulate
the discharge ignition.
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7. N2(A) metastables in diffuse barrier discharges

7.6 Simulation of metastables excitation and depletion

So far, only the depletion of metastables was included in the simulation. To describe the behaviour during
the discharge pulse, the spatially and temporally resolved excitation rate must be known. Two excitation
schemes are of major importance, the direct electron impact excitation

e + N2(X1Σ+
g )→ e + N2(A3Σ+

u ), (7.6)

and the excitation

C3Πu → B3Πg → A3Σ+
u (7.7)

via cascades from the higher triplet states. Both these states are in turn excited by electron impact
excitation

e + N2(X1Σ+
g )→ e + N2(B3Πg) and e + N2(X1Σ+

g )→ e + N2(C3Πu). (7.8)

As for the previous simulations, the vibrational distribution of the A3Σ+
u state is neglected, as well as the

delay of the metastables production due to the cascade. The excitation by cascades takes about 10 µs
(compare section 6.2.1), which is short in comparison to the period of the applied voltage of 500 µs. The
rate of the electron impact excitation processes depends on the electron density and the electric field. As
discussed in sections 1.1.2 and 7.1, the barrier discharge in pure nitrogen is a Townsend-like discharge.
It is characterised by a constant gap voltage during the discharge current pulse and an exponentially
growing electron density towards the anode [37, 41]. Furthermore, the ion density is not large enough to
disturb the external electric field. Hence, the electric field E = Ugap/dgap = 2.2 × 104 V cm−1 is constant
in the gap during the discharge pulse. For a constant electric field, the electron density

ne(t, z) = n0
e(t) exp (±αTdz) (7.9)

is separable in a temporally and a spatially dependent part. n0
e(t) is the time dependent electron density

in the centre of the gap and αTd the first Townsend ionisation coefficient. The latter is calculated by

αTd = ATd p exp (−BTd p/E) (7.10)

with the coefficients ATd = 8.8 cm−1 Torr−1 and BTd = 275 V cm−1 Torr−1 [106]. The values for ATd
and BTd are valid for E/p ratios of between 27 and 200 V cm−1 Torr−1. During the discharge pulse,
E/p = 44 V m−1 Pa−1 = 58 V cm−1 Torr−1 and the ionisation coefficient is αTd = 28.9 cm−1. To describe
the time dependence of the electron density n0

e(t) = ne(t, z = 0) in the centre of the gap, the electron
density is assumed to be proportional to the discharge current. This is not obvious, since most of the
discharge current is carried by the ions [41], but the simulations in [9, 41] show a good agreement of the
shape of the electron density with the shape of the discharge current. Furthermore, the proportionality
between the discharge current and the optical emission of the SPS as shown in section 7.1 allows this
argumentation. Basing on this argumentation, the temporally and spatially dependent excitation rate per
volume is

XA(t, z) = X0
A
|Idis(t)|
Imax
dis

exp
(
αTdz · sgn(Idis(t))

)
, (7.11)

with a factor X0
A describing the strength of the excitation rate per unit volume in the centre of the gap at

a maximal discharge current of Imax
dis . This equation is only valid when the gap voltage is constant, which
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7.6 Simulation of metastables excitation and depletion

is fulfilled during the current pulse (see section 7.1). At other times, the discharge current vanishes and
the excitation rate becomes zero.

Including the equation rate per unit volume (7.11) in equation (7.2), the rate equation for the metastable
state is

∂nA

∂t
= XA(t, z) − ∂Jdiff

∂z
− kpooln2

A − KA,N2nA. (7.12)

The loss processes are the same as in section 7.5: the axial diffusion, the pooling reaction and the
background gas quenching. The diffusion is given by equation (7.1) and the diffusion coefficient is
D = 0.52 cm2 s−1. The rate coefficient for the pooling reaction is kpool = 3 × 10−10 cm3 s−1 and the rate
for the background gas quenching is KA,N2 = 3.0 × 103 s−1. The boundary condition at the dielectrics
extents to

∂nA

∂t
(t,±0.5 mm) = XA(t,±0.5 mm) ± Jdiff(t,±0.5 mm)

`
− 1

4
γA

v̄th

`
nA(t,±0.5 mm)

− kpooln2
A(t,±0.5 mm) − KA,N2nA(t,±0.5 mm).

(7.13)

The remaining free parameter of the simulation are the ratio of the excitation rate in the center X0
A and

the maximal discharge current Imax
dis . In principle, one can calculate it by taking the rate coefficients for

the electron impact excitation for the reduced electric field and the electron density from the discharge
current. Here, it is estimated by the density increase at the beginning of a discharge pulse. From fig-
ure 7.7, a value of X0

A = 3 × 1013 cm−3/50 µs = 6 × 1017 cm−3 s−1 at a maximal discharge current of
Imax
dis = 0.7 mA is derived.

The simulated time dependent metastables density is plotted in figure 7.16 (c-e) together with the
measured applied and gap voltage in (a) and the measured discharge current in (b) for the positions of
the measurements. As visible, the maximum of the metastables density is delayed with respect to the
discharge current pulse. In contrast to the discussion about the time dependence after a single microdis-
charge in section 6.2.1, this delay cannot be caused by the delay of the cascade process in (7.7), since
it is not included in the simulation. Hence, this delay is the result of the long lifetime of the metastable
state. The temporal delay is similar to the delay of the LIF signal with respect to the laser pulse (compare
figure 5.3 in section 5.1), which is a convolution of the latter with an exponential decay. The delay of the
metastables density with respect to the current pulse is a little different, because the pooling reaction is
a second order process and the rate equation is no longer linear. Looking at the absolute density values
in figure 7.16 (d), the metastables density in front of the glass plate is largest during the positive half
cycle, since the anode is located at the glass plate at this time. The increase in metastables density during
the negative half cycle is in the same order as the remained metastables density from the positive half
cycle. The curve for the opposite position in front of the BSO crystal in figure 7.16 (e) shows the same
behaviour, only shifted by one half cycle. Comparing the calculated time dependences of the metastables
density with the measurements in figure 7.7, the general trend is reproduced. The density increases dur-
ing the discharge pulse and decreases afterwards. The time constant for the decay is in the same range as
for the simulation of the decay after the discharge pulse in section 7.5. The maximal density in the centre
fits good the value from the measurement during the positive half cycle because this value was used to
estimate X0

A. Since the discharge pulse in the negative half cycle looks nearly the same, the metastables
density reaches the same value. The comparison of the maximum values of the curves from the centre
with the curves at z = ±0.3 mm shows a clearly larger density in front of the dielectrics. This difference
was not as large as in the measured time dependences shown in figure 7.7. To get a closer look, the
calculated axial density profiles are presented in figure 7.17 for the times used in the measurements. All
profiles show an increase in density towards the respective anode, reflecting the exponential increase of
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Figure 7.16: Time dependences of (a) the measured applied voltage and calculated gap voltage, (b) the
measured discharge current and the N2(A3Σ+

u ) metastables density in the (c) centre, (d) in
front of the glass plate and (e) in front of the BSO crystal (500 mbar, 2 kHz, Ûappl = 4 kV).

the excitation function. Nearby the dielectrics, the density is even during the discharge pulse very low
due to the wall recombination of metastables at the dielectrics. As for the time dependences, a compari-
son with the measured axial profiles in figure 7.8 is recommended. As already discussed, the calculated
profiles show no plateau in density in front of the respective anode as the measurement. This might be
caused by additional quenching processes in front of the anode, which are not included in this simulation.
The large electron density at the anode increases the density of other radicals or induces transitions from
the metastable A3Σ+

u , v = 0 state to higher states. Another reason might be the accumulation of radicals
or impurities in front of the dielectrics. In appendix A.5.1 it is shown that the gas flow is laminar. The
flow speed is largest in the centre of the gap, whereas the gas at the dielectric is almost stationary. This
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Figure 7.17: Simulated axial N2(A3Σ+
u ) metastables density profiles in the (a) positive and (b) negative

half cycle (500 mbar, 2 kHz, Ûappl = 4 kV).

results in a larger residence time of a specific gas volume in front of the dielectrics and a frequent gas
exchange in the centre. As a consequence, the concentration of radicals and impurities is larger in front
of the dielectrics. This argumentation would also explain the lower density in front of the cathode in
the measurements. Furthermore, it explains why the axial density profile at a larger gas flow rate of
1000 sccm in figure 7.12 shows the increase in metastables density towards the anode.

7.6.1 Variation of applied voltage

To validate the simulation a parameter variation is recommended. As in the measurements presented
in section 7.4, the amplitude and frequency of the applied voltage is varied. The simulated N2(A3Σ+

u )
metastables densities for different amplitudes of the applied voltage are shown in figure 7.18 (c) in com-
parison to the measured applied and gap voltage in (a) and the measured discharge current in (b). The
calculated time dependent curves for the metastables density in (c) show in principle the same behaviour
as the measurements in section 7.4.1. For a larger applied voltage, both the discharge pulse and the
metastables density start earlier and have larger maxima. After the discharge pulse, the metastables den-
sity does not differ very much for the three applied voltages. The same is seen for the axial metastables
density profiles in figure 7.18 (d) and (e). For a larger applied voltage, the metastables density is also
larger, but the difference is not large enough to detect it. That is why the measured axial metastables
density profiles in figure 7.10 do not show a significant difference.

The results of a simulation for a frequency of 5 kHz are presented in figure 7.19. Due to the faster
repetition rate of the discharge pulses at 5 kHz, the metastables density at the ignition of a subsequent
discharge pulse is larger than at 2 kHz. The axial density profiles in (d) and (e) show only a weak increase
towards the anode at the times of 50 and 150 µs, when the measurements in figure 7.11 (c) and (d) were
performed. During the positive half cycle at 20 µs, the axial metastables density profile is even constant in
the centre of the gap. This is once the result of the shorter time between the discharge pulses, but also the
gap voltage is slightly lower under these conditions. The lower gap voltage is related to a lower increase
in electron density towards the anode, wherefore the metastables density profiles are flatter. Altogether,
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Ûappl = 4 kV

di
el

ec
tr

ic

di
el

ec
tr

ic

−
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u ) metastables density pro-
files for characteristic times in the two half cycles.
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7.6 Simulation of metastables excitation and depletion

the variation of the applied voltage in the simulation reproduces well the measurement results. Hence,
this simple simulation is suitable to describe the time dependence of the metastables. To reproduce the
measured axial profiles, the integration of further loss processes is necessary, which needs the temporally
and spatially resolved distribution of the nitrogen atoms and other quenching partners.

7.6.2 Flow of metastables to dielectrics during the discharge pulse

The main goal of simulating the metastables behaviour during the whole discharge cycle is the calculation
of the metastables flow to the dielectrics. This offers the opportunity to compare the current of secondary
electrons released by metastables with the discharge current. The simulated time dependent current
density of metastables to the glass plate is presented in 7.20 (a), the current density to the BSO in (b).
Since the discharge pulses in both half cycles are nearly equal in the simulation, both current densities

J d
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Figure 7.20: Simulated time dependent N2(A3Σ+
u ) metastables current density to the (a) glass plate and

(b) BSO crystal. (c) Corresponding electron current at the anode resulting from secondary
electrons released at the cathode in comparison to the discharge current.

are only shifted by one half cycle in time. The metastables current density during the discharge pulse is
in the order of magnitude of 1015 cm−2 s−1 at the anode and one order of magnitude lower at the cathode.
These values are probably a little too large, since the simulation overrates the metastables density in
front of the dielectrics in comparison to the measurements. To estimate the influence of the secondary
electron emission by metastables to the discharge, the electron current ISEE

anode to the anode is calculated
as in equation (7.5) from the current density of secondary electrons at the cathode. The electron current
ISEE
anode is shown in figure 7.20 (c). At the time of the discharge ignition and at the end of each discharge

pulse, ISEE
anode is larger than the discharge current. At these times, the secondary electron emission by

metastables provides enough electrons to carry the entire discharge current. Only at the maximum of the
discharge pulse, ISEE

anode might be too low because of the delay of the metastables production with respect
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7. N2(A) metastables in diffuse barrier discharges

to the discharge pulse. This is also the time when the peak in the hybrid mode appears (compare figure
7.5 in section 7.2). Since the measurements do not show a large difference in metastables density in
front of the glass plate and BSO, one can assume a lower secondary electron emission coefficient of the
BSO. In the case of secondary electron emission by metastables this cannot depend on the amount of
surface charges on the BSO, because the metastables release electrons from the valence band [22, 23].
For the secondary electron emission by ions this might be different. As shown in [21], the averaged
surface charge density on the BSO is positive. Hence, the glass plate probably carries more electrons
than the BSO crystal and an electron emission by impinging ions is more probably at the glass plate. To
figure this out a two-dimensional simulation for the charge carriers and metastables is necessary. Such a
simulation should include secondary electron emission coefficients depending on the surface charge.
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Summary and conclusions

The absolute density of the metastable N2(A3Σ+
u , v = 0) molecule in its vibrational ground state was

extensively studied in nitrogen barrier discharges at 500 mbar. The applied diagnostics for the detection
of the metastables was the single photon laser-induced fluorescence spectroscopy (LIF). It consists of
a laser induced transition from the metastable A3Σ+

u , v = 0 state to the B3Πg, v = 3 state and the mea-
surement of the subsequent fluorescence from the transition to the A3Σ+

u , v = 1 state. The corresponding
absolute density calibration was performed by a comparison with Rayleigh scattering experiments.

As a first step on the way to atmospheric pressure barrier discharges, the laser-induced fluorescence
spectroscopy was implemented in low pressure capacitively coupled radio-frequency discharges. The
analysis of the time dependent LIF signal demonstrated that it is the difference of two exponential decays,
one due to the finite lifetime of the laser excited B3Πg, v = 3 state and one due to the photomultiplier
circuit time constant. Despite of the good agreement of the measurement with the calculated curves, the
pressure dependence of the effective lifetime of the excited state indicated the need of a system of rate
equations including the collisional coupling with neighbouring states. The solution of such a system of
rate equations consists of a slow and a fast decay for the laser excited B3Πg, v = 3 state and agreed well
with the measurements.

For the calculation of the absolute N2(A3Σ+
u , v = 0) metastables density by the comparison with

Rayleigh scattering the different cross sections were calculated and the ratio of the detection sensitiv-
ities at the laser and fluorescence wavelength was determined. Furthermore, the saturation of the LIF
signal at large laser energies was considered in the analysis. The Rayleigh signal was measured by a
pressure variation to get rid of the scattering from the boundaries. The determined metastables density
in the capacitively coupled radio-frequency discharge is somewhat below 1012 cm−3 at 40 Pa and some-
what below 1013 cm−3 at 1000 Pa. The axial density profiles show a nearly symmetric shape due to the
long lifetime of the metastable state. At 40 Pa, the metastables are mainly destroyed by diffusion to the
electrodes and at 1000 Pa, the pooling reaction dominates in the centre of the discharge gap. The density
maximum decreases with increasing RF power, since the increase in RF power causes an increase in gas
temperature. The increase in gas temperature results in a larger mean thermal velocity of the nitrogen
molecules and a decrease in background gas density. Thereby, the diffusion coefficient is larger and more
metastables get lost at the electrode surfaces. The admixture of oxygen up to a proportion of 1 % partially
increases the metastables density. This is caused by an enhanced production of metastables when adding
oxygen. For oxygen concentrations larger than 1 %, the larger quenching by oxygen compensates the
increased metastables production rate and the metastables density decreases below the value measured
in pure nitrogen.

The measurement of the metastables by LIF at atmospheric pressure revealed two new challenges. On
the one hand, the effective lifetime of the laser excited B3Πg, v = 3 state is reduced to a few nanoseconds
because of the more frequent quenching by the background gas. This decreases the fluorescence yield
from about 10−2 at 200 Pa to about 10−4 at atmospheric pressure. On the other hand, the background
scattering of the laser beam is much larger due to the small discharge gap. Both effects result in an at least
ten times larger background scattering in comparison to the LIF signal. This demanded an alternating
measurement procedure with and without the discharge as well as many repetitions to accumulate the
LIF signal and to achieve a sufficient high signal-to-noise ratio.
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The short effective lifetime of the excited state requires a much better temporal resolution and disables
a simple separation of the time dependent laser pulse from the LIF signal. To solve this problem, it was
shown that the LIF signal is the convolution of the Rayleigh signal with an exponential decay given by
the effective lifetime of the excited B3Πg, v = 3 state. The ratio of the LIF signal to the Rayleigh signal
was figured out by fitting the convolution of the measured Rayleigh signal and the exponential decay
to the measured LIF signal. The absolute metastables density was calculated by the use of this ratio
and the calibration constants from the low pressure experiment. In contrast to the low pressure case, the
measurement of the Rayleigh signal could only be performed without the barrier discharge configuration.
Hence, the ratio of the detection solid angles for the cases with and without the discharge configuration
is added in the calculation of the metastables density. Additionally, a measurement using a teflon strip in
the gap shows that the detection solid angle in the discharge configuration depends on the axial position.

After the calibration of the LIF experiment, the two discharge modes of a barrier discharge, the fila-
mentary and the diffuse mode, were analysed. The filamentary mode of the barrier discharge was mainly
investigated in a pin-to-plane discharge configuration. This asymmetric setup consisted of a pin-like
electrode on top and a plane electrode at the bottom. The pin-like electrode was necessary to fix single
microdischarges in the centre of the discharge configuration where they could be hit by the laser beam.
Typical densities in the detection volume are in the range of 1013 cm−3, resulting in maximal densities of
up to 1015 cm−3 in the microdischarge channel. Such large densities are in agreement with the fast decay
by the pooling reaction after the maximum of the metastables density in the afterglow of the discharge
pulse. The time dependent measurements in the afterglow of single microdischarges offer a delay of the
metastables production with respect to the discharge current. This delay indicates that the metastables
production takes place mostly by cascades from higher triplet states, which are in turn excited by elec-
tron impact excitation. Axial density profiles show a maximum in metastables density in front of the
anode in agreement with optical emission spectroscopy, but a clear interpretation was inhibited because
of the asymmetric discharge setup. The axial density profiles permit to estimate the losses by diffusion.
A simulation pointed out that the diffusion losses are negligible in comparison to the losses by volume
processes and independent from the recombination coefficient for the de-excitation of metastables at the
dielectrics.

The measurements for the diffuse discharge mode were performed in a plane-to-plane discharge con-
figuration. This discharge configuration consisted of two plane electrodes behind the dielectrics. The
metastables density is in the range of 1013 cm−3 as the average density in the filamentary mode. The
temporal evolution of the metastables shows an increase during the current pulse of the discharge and
a decay afterwards. The maximum of the metastables density is delayed with respect to the maximum
of the discharge current due to the long lifetime of the metastable state. The depletion of metastables in
the early discharge afterglow is dominated by the pooling reaction. The quenching by nitrogen atoms
is the second most important loss process, assuming a nitrogen atom density in the order of 1014 cm−3.
As for the filamentary mode, the losses by diffusion are negligible for the measurement positions. The
measured axial density profiles show an accumulation of metastables in front of the anode, whereas the
density in front of the cathode is below the detection limit. An exponential increase in density towards
the anode as expected from the optical emission was not detected. This indicates a strong quenching of
metastables during the discharge pulse. The variation of the gas flow rate changes the decay time of the
metastables after the discharge pulse. This is explained by a lower accumulation of nitrogen atoms and
impurities at higher gas flow rate.

To calculate the metastables current density to the dielectrics after the discharge pulse and to estimate
the influence of the secondary electron emission by metastables at the dielectrics on the discharge igni-
tion, a simulation is developed including the dominant volume processes for the depletion of metastables
and the axial diffusion. Starting point for the simulation is the axial metastables density distribution at the
end of the discharge pulse. The calculated metastables current density at the dielectrics is in the range
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of 1014 cm−2 s−1. To expand the simulation to the whole voltage cycle, the excitation of metastables
is assumed to be proportional to the discharge current and electron density. The latter should increase
exponentially towards the anode, since the diffuse barrier discharge in pure nitrogen operates in the
Townsend-like discharge mode. Using this model, the measured time dependences of the metastables
density are well reproduced for the investigated parameter variations. This is not the case for the axial
profiles, where a metastables loss process is missed to explain the formation of a density plateau in front
of the anode during the discharge pulse. The intended calculation of the metastables current density to
the dielectrics results in values in the order of 1014 cm−2 s−1 during the cathodic phase and 1015 cm−2 s−1

in the anodic phase. With the use of recently calculated secondary electron emission coefficients [22, 23]
a comparison of the secondary electron emission current with the discharge current is done. It is figured
out that the secondary electron emission current is large enough to be responsible for the total discharge
current. Only during the discharge ignition, a bottleneck might occur, since the metastables production
is delayed with respect to the discharge current. This might be the case in the positive half cycle, when
the diffuse mode switches to a hybrid mode after some minutes of operation. The latter consists of a long
discharge pulse as in the diffuse mode with a large peak at the beginning. These strong current peaks
are identified with microdischarges. Since the hybrid mode occurs only in the positive half cycle when
the cathode is at the BSO, a lower secondary electron emission rate is expected there. This can have two
reasons, a lower metastables density flow to the dielectrics or a lower secondary electron emission coef-
ficient. Since the calculated metastables density flow rate was only slightly lower in front of the BSO,
it is expected that the secondary electron emission coefficient of the BSO is clearly lower than for the
glass. A correlation of the secondary electron emission by metastables to the deposited surface charges
is not expected, because the released secondary electrons should be emitted from the valence band of the
dielectric [22, 23].

The next step in the analysis would be the correlation of the assumed excitation rate with the actual
electron density and rate coefficients. This might explain the underestimated densities in former simula-
tions. To clarify if the secondary electron emission is actually responsible for the homogenisation of the
discharge ignition, a two-dimensional simulation including the charged species will be necessary. For
such a simulation, the temporally and spatially resolved metastables density is an important benchmark.

The discrepancy between the measured and simulated axial density profiles recommends a further
investigation of the dependence of the metastables density on the gas flow rate. A simultaneous mea-
surement of the nitrogen atom density would help to quantify the quenching of metastables. Besides, the
influence of a systematic variation of oxygen admixtures on the axial metastables density profiles can
provide a better insight.

For the continuation of the measurements for the filamentary mode, an improved discharge configura-
tion with two pin-like electrodes is recommended to fix the microdischarge much better in space. Such
a configuration would also reduce the ignition of further microdischarges in the afterglow of the first.
The problem of the random occurrence of microdischarges can be solved by the use of fast rising voltage
pulses.
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A Experimental details

A.1 Characterisation of the laser system

A.1.1 Wavelength calibration

The wavelength of the dye laser was adjusted by a comparison of the displayed wavelength with the
spectrum of an opto-galvanic calibration lamp (OGCL). The lamp was a hollow cathode lamp filled with
neon operating at fixed discharge voltage. The laser beam was attenuated and coupled into the hollow
cathode lamp. If the laser wavelength fits an optical transition of neon, the charge carrier density within
the lamp varies and causes a variation of the current. The variation of the current is measured by a boxcar
averager which gives a voltage UOGCL. Such a laser scan across the range of the used dye is shown in
figure A.1. In comparison to the measured spectrum, the positions of the neon lines from the handbook
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Figure A.1: Opto-galvanic signal for a scan of the laser wavelength.

of the calibration lamp [107] and NIST [108] are drawn below. As visible, the agreement of the line
positions is very good for that scale. Zooming in, there is still a discrepancy of about 0.03 nm due to the
mechanical parts of the stepping motor of the mirror. This difference is sometimes positive or negative
and cannot be fixed by a single shift of the wavelength to one direction.

A.1.2 Laser line width

A laser scan across the neon line around 692.95 nm is shown in figure A.2. The measured curve has a
Gaussian shape with a maximum at 692.97 nm, which differs slightly from the wavelength of the neon
line. The full width at half maximum (FWHM) is (27.48 ± 0.42) pm and corresponds to a FWHM in
wavenumber of about 0.57 cm−1, which is necessary for the calculation of the LIF cross section.
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Figure A.2: Opto-galvanic signal for a scan of the laser wavelength around the neon line at 692.95 nm.

A.1.3 Spatial laser profile

Besides the spectral line width of the laser, its spatial dimensions are important. To figure this out, the
laser beam was attenuated by a neutral density filter and pointed at a sheath of paper. The fluorescence
from the paper was measured by a CCD camera. The measured image is shown in figure A.3. The figure
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Figure A.3: Picture of the laser beam and comparison with an illuminated millimeter paper.

shows that the laser beam is nearly circular with a plateau in the centre. The plateau in the centre has a
diameter of about 12 pixel and the fitted Gaussian curve a FWHM of 19 pixel. To get these dimensions in
millimeter, an image of an illuminated millimeter paper is shown next to it. As visible, the grid lines are
about 11 pixels away from each other, which means that one millimeter is represented by 11 pixels. This
gives a beam diameter of 1.1 mm for the plateau and a FWHM of 1.7 mm. For the presented calculations,
a beam diameter of 1.5 mm is used.
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A.2 Laser beam path

A.2 Laser beam path

In section 2.2.1 only a brief overview of the beam path before entering the vacuum chamber is given.
Here, some more details are presented. In figure A.4, a photograph of the the laser beam path from the
laser head to the entrance window of the vacuum chamber is shown. After leaving the laser head, the laser

mirror 1

beam splitter
and

attenuator

laser head

photodiode mirror 2

mirror 3

mirror 4

cylindrical
lens

polariser

Figure A.4: Labelled photo of the laser beam path before entering the vacuum chamber.

beam was split by a neutral density filter in 45 degrees. The reflected beam was aimed at a photodiode.
The electrical signal of this photodiode was the trigger pulse for the fast oscilloscope (LeCroy 9362),
which recorded the LIF and Rayleigh signal. The transmitted part of the laser beam was attenuated
by the neutral density filter to avoid a saturation of the LIF signal as for the low pressure case (see
sections 4.2.1 and 5.4.1). Afterwards, the laser beam passed through a polariser to guarantee the vertical
polarisation of the laser beam necessary for the Rayleigh scattering experiment. Behind the polariser, a
first mirror in 45 degrees deflected the laser beam by 90 degrees towards the vacuum chamber. This first
mirror was movable to shift the laser beam horizontally with respect to the discharge configuration. In
front of the vacuum chamber, further three mirrors were mounted to enable the vertical movement of the
laser beam. Mirror 2 deflected the laser beam downwards and mirror 3 directed the laser beam vertically
towards the ceiling. At the height of the discharge configuration, mirror 4 was mounted in 45 degrees. It
deflected the laser beam towards the vacuum chamber parallel to the plane of the optical table. Behind
the fourth mirror, the cylindrical lens was positioned. Both the mirror 4 and the cylindrical lens were
mounted on a vertically and horizontally movable holder to change the laser beam position with respect
to the discharge configuration.

The laser beam path after the cylindrical lens is sketched in figure A.5.

The distance of the cylindrical lens with respect to the central axis of the discharge configuration is
about 330 mm, whereas the focal length of the lens is fcyl. lens = 300 mm. Hence, the focal point is in
front of the discharge configuration as shown in an enlarged sketch in figure A.6.
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Figure A.5: Longitudinal cross section of the laser beam passing the discharge gap after focussing by a
cylindrical lens.
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Figure A.6: Zoomed longitudinal cross section of the laser beam passing the discharge gap.

The laser beam around the focal point must be described by Gaussian beam optics instead of geomet-
rical optics. The beam waist at the focus is estimated to

2w0 = 2
2λlsr

πθlsr
= 0.18 mm.

with an opening angle of the laser beam of θlsr = dlsr/ fcyl. lens = 1.5/300 = 0.005. The beam waist
depending on the position along the laser beam x is

w(x) = w0

√√
1 +


λlsr(x − F)

πw2
0


2

, (A.1)

where the focal point is at F = −30 mm with respect to the centre of the discharge configuration at x = 0.
This formula allows to calculate the vertical laser beam extent in the centre of the discharge, which is
w(0) = 0.23 mm. From geometrical optics, it would be underestimated with θlsr · 30 mm = 0.15 mm.
At the posteriour edge of the discharge configuration at x = 22 mm, where the laser beam leaves it, the
vertical laser beam extent is about 0.31 mm. This corresponds to the vertical scans of the laser beam with
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A.3 Optical filter and transmittances

respect to the discharge as presented in figure 5.12 and 5.13 in section 5.3.2. There, it was shown that the
vertical laser beam position could be changed between z = −0.3 mm and 0.3 mm without a significant
change of the measured laser pulse energy. Hence, the vertical beam extent at the posterior edge of the
discharge configuration must be smaller or equal to 0.4 mm. This would correspond to a vertical beam
extent of 0.4 mm/(30 + 22) · 30 = 0.23 mm in the centre of the discharge cell (from geometrical optics).
In conclusion, a value of (0.25 ± 0.05) mm was estimated for the vertical extent of the laser beam in the
discharge centre.

A.3 Optical filter and transmittances

As presented in chapter 2, optical filter were used to reduce the intensity of the Rayleigh scattered
light and the background scattering, respectively. For the determination of the wavelength dependent
transmittance, a scan of the monochromator wavelength with and without the optical filter was performed
while illuminating the detection optics with a halogen lamp. To cut off higher harmonics from the lower
wavelength, an additional GG11 filter was used. The results of these measurements are shown in figure
A.7 and A.8.
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Figure A.7: Measurement of the filter transmittances for different wavelength.

The transmittances Tfilter of the filters are the ratios of the measured voltage with the filter to the
measured voltage without the filter. The transmittance of the NG3 neutral density filter at the laser
wavelength is TNG3(687 nm) = 0.0301 and the transmittance of the RG9 edge filter at the fluorescence
wavelength is TRG9(762 nm) = 0.8578.
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Figure A.8: Measurement of the filter transmittances for different wavelength.

A.4 Characterisation of the Rayleigh signal

To be sure that the measured scattering signal is the Rayleigh signal some measurements have been done
to prove the characteristics of Rayleigh scattering.

A.4.1 Pressure dependence of scattering signal

First of all, as in the low pressure experiment in figure 4.13 the Rayleigh signal should depend on pres-
sure. Therefore, the pressure has been varied up to atmospheric pressure and the scattered signal has been
measured (figure A.9). With increasing pressure, the density of the scattering molecules increases linear
and the scattering signal should increase linear with pressure. This is the case in figure A.9. Nevertheless,
a small intercept remains due to reflections at the boundaries of the discharge chamber.

A.4.2 Rayleigh measurement with polariser

Because of the polarised laser beam and the immediate Rayleigh scattering without any rotation of the
induced dipole, the Rayleigh scattered light should be also polarised. This has been proofen in figure
A.10 by the use of a polarisation filter in front of the monochromator.

The measured signal without any filter is compared with two measurements with the polarisation
filter, once parallel to the polarisation direction of the laser beam (θpol = 0◦) and once perpendicular to it
(θpol = 90◦). As visible, the signal with the parallel orientated polarisation filter is much larger than the
signal with the perpendicular orientated filter, which is expected. The sum of both signals should give
the value of the measurement without the filter, but due to reflections at the filter this is not the case.
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Figure A.9: Pressure dependence of the time averaged normalised scattering signal in an empty vacuum
chamber covered with black paperboard.
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Figure A.10: Time dependent normalised scattering signal using a polariser in front of the
monochromator.

A.4.3 Rayleigh signal depending on the photomultiplier voltage

Recognizing the layout of a photomultiplier tube and how it works, the electron avalanche needs several
nanoseconds to pass the tube. This transition time depends on the applied voltage, which is varied in
figure A.11 for the Rayleigh measurement. Two effects are visible. Firstly, the signal height decreases
with decreasing applied voltage, because the electron multiplication depends on the electron energy.
Secondly, the maximum of the curves shifts to later times for the decrease in voltage. The reason are the
lower electron velocities at lower applied voltage. As a consequence, the time dependent Rayleigh and
LIF measurements must be done for equal photomultiplier voltages. To avoid saturation effects in the
photomultiplier tube when one signal is much larger than the other, the light intensity has to be reduced
by filter instead of reducing the photomultiplier voltage.
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Figure A.11: Time dependent normalised Rayleigh signal for different photomultiplier voltages.

A.4.4 Effect of using black paperboard

For the calibration procedure a very good time resolved Rayleigh signal is required. Unfortunately, the
scattering of the laser light at the boundaries of the vacuum chamber superimposes the Rayleigh signal,
which reduces its resolution and increases the susceptibility to errors during the filling of the chamber
with gas. Therefore, it is useful to reduce the scattering at the walls of the chamber. One very effective
method is the covering of the entrance and exit tubes in front of the windows of the vacuum chamber with
black paper board. It is possible because the Rayleigh measurement takes place without any discharge
and small impurities in the gas do not effect the Rayleigh measurement. The effect of this method is
shown in figure A.12. The reduction of the background scattering is almost two orders of magnitude.
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Figure A.12: Time dependent normalised Rayleigh signal with and without the use of black paperboard.
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A.5 Characterisation of the gas flow

A.5.1 Gas flow rate and residence time

The displayed value of the gas flow meters is in units of standard cubic centimetres per minute (sccm)
representing the flow rate at standard conditions of T0 = 295 K and p0 = 105 Pa. This is recalculated to
the actual gas flow rate

Γ =
∆V
∆t

=
∆NkBTgas

p∆t
=

p0V0Tgas

T0 p∆t
=

p0

p
Tgas

T0

V0

∆
=

p0

p
Tgas

T0
Γ0

at the temperature Tgas and pressure p. The equation can be rewritten to

Γ [cm3 s−1] =
1
60

p0

p
Tgas

T0
Γ0 [sccm].

Most of the experiments in the barrier discharge were performed at a pressure of p = 500 mbar =

5 × 104 Pa. The gas temperature was expected to be in the range of Tgas = 350 K. These values result
in flow rates shown in table A.1. To get the velocity of the gas flow, the cross section of the flow

Table A.1: Actual flow rates, gas flow velocities, residence times in the discharge volume and Reynolds
numbers for different set flow rates.

Re
Γ0 [sccm] Γ [cm3 s−1] vgas [cm s−1] τres [ms] L = 1 mm L = 10 mm

10 0.4 4.0 252.9 1.3 12.5
100 4.0 39.5 25.3 12.5 125.2

1000 39.5 395.5 2.5 125.2 1252.4

channel must be estimated. Its height is given by the gap width dgap = 1 mm. Its horizontal extent varies
from about 5 mm at the gas hose holder to about 15 mm in the centre of the discharge configuration.
Furthermore, there are three outward flow channels. For this rough estimation, a value of wgap = 10 mm
in between these two is used for calculations. This results in a cross section area of the flow channel of

Agap = dgapwgap = 10 mm2 = 0.1 cm2.

Using this quantity, the gas flow velocity is

vgas =
Γ

Agap
.

Knowing the flow velocity, one can calculate the residence time in the discharge volume. The typical
length scale of the discharge is ldis = 1 cm. This gives a residence time of a gas molecule in the discharge
volume of

τres = ldis/vgas.

Another important quantity for the characterisation of the gas flow rate is the Reynolds number

Re =
ρgasvgasL
ηgas.
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The mass density of the nitrogen at 500 mbar and 300 K is ρgas = 0.57 kg m−3 and the dynamic viscosity
is about ηgas = 18 µPa s ([91], at 300 K, nearly independent from pressure). The typical is unclear. In
the vertical direction, it is obviously the gap width dgap = 1 mm. In horizontal direction, the typical
length is in the range of 10 mm. Hence, in table A.1 both values are used for the calculation. The
calculated Reynolds numbers are clearly below 1000, hence, for the most measurements performed with
Γ0 = 100 sccm a laminar flow was present. Only for the large gas flow rate of 1000 sccm a transition to
the turbulent flow must be considered.

A.5.2 Chamber volume

The volume of the cylindrical vacuum chamber was determined by measuring the increase in pressure
during a constant gas flow rate. The number of particles entering the volume per time is

∆N
∆t

=
p0V0

kBT0∆t
.

This causes a pressure increase per time of

∆p
∆t

=
∆NkBTgas

Vchamber∆t
=

p0∆V0Tgas

Vchamber∆tT0
=

p0Tgas

VchamberT0

∆V0

∆t
=

p0Tgas

VchamberT0
Γ0.

Rearranging the equation results in

Vchamber =
p0Tgas

T0
Γ0

(
∆p
∆t

)−1

.

The corresponding measurements are shown in figure A.13. As expected, a linear increase in pressure
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Figure A.13: Time dependent increase in pressure for constant gas flow rates to measure the chamber
volume.

can be observed. The slopes give a chamber volume of about Vchamber = 50 litre. It takes about 20
minutes to fill the chamber up to a pressure of 500 mbar with a gas flow rate of 1000 sccm.
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A.5.3 Leakage rate

For the estimation of impurities, in particular oxygen, the leakage rate must be known. Therefore, the
chamber was evacuated and disconnected from the pumps. Afterwards, the pressure increases slightly
due to the small gas flow rate at the leaks of the chamber. This time dependence is shown in figure A.14
(a). As expected, the pressure increases linear with time, since the pressure difference between inside
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Figure A.14: Temporal increase in pressure due to leakages, starting with (a) vacuum and (b) a pressure
of 500 mbar.

and outside the chamber remains nearly the same. To get a better estimation for the leakage rate during
the discharge operation, the measurement was repeated for a starting pressure of 500 mbar. The results
are shown in figure A.14 (b). The slope of the line is

∆p
∆t

=
∆N
∆t

kBTgas

Vchamber
= 1.59 mPa s−1.

Rearranging, this gives a particle flow of

∆N
∆t

=
∆p
∆t

Vchamber

kBTgas
= 1.92 × 1016 s−1.

This can be recalculated to an actual gas flow rate at pgas = 500 mbar by

Γleaks =
∆N
∆t

kBTgas

pgas
= 1.59 × 10−3 cm3 s−1.

In comparison to the actual gas flow rate of Γ = 4.0 cm3 s−1 at Γ0 = 100 sccm used in the experiment,
the proportion of ambient air to pure nitrogen in the vacuum chamber at 500 mbar is about

Γleaks

Γ
=

1.6 × 10−3 cm3 s−1

4.0 cm3 s−1 = 4 × 10−4.

With an oxygen content of 20 % in the ambient air this results in an oxygen impurity of 80 ppm.

125



A. Experimental details

A.6 Electrical characterisation of the barrier discharge

In the experiment, the external current Iext and charge Qext were measured. To calculate the discharge
current, the gap voltage and the transported charge, an electrical model of the discharge cell is necessary.
Such a model is given in [77], which is used in principle for these calculations. Important quantities for
the calculations are the capacitances of the discharge configuration, which are estimated in the following
section.

A.6.1 Calculation of capacitances from discharge geometry

The plane-to-plane discharge configuration is plotted in figure A.15 with its characteristic lengths. To

glass0plate copper

10mm
HV

BSO0crystal
aluminium

mirror

r20=012.50mm(a)

PEEK

0.70mm

r10=07.50mm

40mm

Figure A.15: Cross section of discharge configuration with given dimensions.

estimate the total capacitance of the discharge configuration, it can be split in an inner part (r ≤ r1)
and an outer part (r1 < r ≤ r2). The remaining part with r > r2 is neglected. The equivalent circuit
diagram for the discharge configuration without any discharge is shown in figure A.16 (a). It consists
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Cgap2Rdis2
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Figure A.16: Equivalent circuit diagram of the discharge configuration (a) without discharge, (b) with
the discharge in the entire gap and (c) with the discharge only in the centre.

of the capacitances of the glass, the gap and the BSO crystal. In the outer part with r1 < r ≤ r2, an
additional capacitance CPEEK must be added because of the smaller aluminium electrode at the bottom
in comparison to the copper electrode on top. Both branches are not connected to each other, since
the surface charges on the dielectrics do not move in the lateral direction [21]. To calculate the single
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A.6 Electrical characterisation of the barrier discharge

capacitance, the thicknesses of the dielectrics and their relative electrical permittivities are given in table
A.2. Each single capacitance can be assumed to be the capacitance of a parallel plate capacitor, which

Table A.2: Relative permittivity εi and thickness di of the dielectrics.

material εi di

BSO 56 0.7 mm
glass 7.6 0.7 mm
PEEK 3.2 4 mm

results in:

Cglass1 = εglassε0
πr2

1

dglass
= 17.0 pF, Cglass2 = εglassε0

π(r2
2 − r2

1)
dglass

= 30.2 pF,

Cgap1 = ε0
πr2

1

dgap
= 1.6 pF, Cgap2 = ε0

π(r2
2 − r2

1)
dgap

= 2.8 pF,

CBSO1 = εBSOε0
πr2

1

dBSO
= 125 pF, CBSO2 = εBSOε0

π(r2
2 − r2

1)
dBSO

= 223 pF

and CPEEK = εPEEKε0
π(r2

2 − r2
1)

dPEEK
= 2.2 pF.

(A.2)

The capacitance of the branches are

Coff1 =

(
1

Cglass1
+

1
Cgap

+
1

CBSO1

)−1

= 1.4 pF (A.3)

and

Coff2 =

(
1

Cglass2
+

1
Cgap

+
1

CBSO2
+

1
CPEEK

)−1

= 1.2 pF. (A.4)

This gives for the total capacitance of the discharge configuration

Ctheo
tot = Coff1 + Coff2 = 2.6 pF. (A.5)

The comparison with the single capacitances in (A.2) shows that the total capacitance is limited by the
gap capacitances.

During the discharge pulse, the current in the gap is transported by electrons and ions, the capacitance
of the gap can be neglected. The corresponding capacitance of the branches are

Con1 =

(
1

Cglass1
+

1
CBSO1

)−1

= 15.0 pF (A.6)

and

Con2 =

(
1

Cglass2
+

1
CBSO2

+
1

CPEEK

)−1

= 2.1 pF. (A.7)
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Unfortunately, the extent of the discharge in the lateral direction is not clear. Therefore, two equivalent
circuit diagrams are presented in figure A.16 (b) and (c). In (b), the discharge fills the gap up to r2, in (c)
only up to r1. For the first case, the capacitance of the discharge configuration is

Ctheo
diel = Con1 + Con2 = 17.0 pF, (A.8)

where only the capacitances of the dielectrics enter the calculation. For the second case, the capacitance
is

Ctheo
mixed = Con1 + Coff2 = 16.1 pF, (A.9)

which is slightly smaller than Ctheo
diel . Hence, the outer part with r1 < r ≤ r2 is less important for the total

capacitance.

A.6.2 Calculation of internal electrical quantities from externally measured quantities

As presented in section 2.3, for the electrical characterisation of the barrier discharge the voltages UR

and UC across an external resistor and capacitor were measured. These voltages are plotted together with
a sinusoidal applied voltage Uappl in figure A.17 (a). The pressure was 500 mbar, the frequency of the
applied voltage was 2 kHz and a the amplitude was Ûappl = 4 kV. All curves were avaraged over 128
discharge cycles. Due to its low voltage, UR shows large fluctuations caused by other devices, whereas
UC is much smoother. The charge on the external capacitor is Qext = CextUC and plotted in figure A.17
(b). It looks like a sinusoidal function with knees when the discharge ignites. In figure A.17 (c), the
corresponding Lissajous figure is presented, showing the external charge Qext depending on the applied
voltage Uappl. In the diffuse discharge mode, it looks like a parallelogram. Its slopes are given by the
total capacitance Ctot = 4.7 pF without any discharge and the capacitance Cdiel = 17.0 pF during the
discharge operation. The total capacitance is about 2.1 pF larger than the total capacitance in equation
(A.5) estimated from the discharge geometry. This difference indicates further parallel capacitances
which are not regarded in the calculation. The capacitance of the discharge configuration during the
discharge pulse is in good agreement with the estimated values in equation (A.8) and (A.9)

To calculated further time dependent quantities, the capacitance of the cap must be known. It can be
calculated by

Cgap =
CdielCtot

(Cdiel −Ctot)
= 6.5 nF, (A.10)

assuming that the series connection of Cdiel and Cgap gives the total capacitance Ctot.
Besides the capacitances, the transported charge can be determined from the Lissajous figure in A.17

(c), which is ∆Q = 39 nC for this parameter. The area of the parallelogram corresponds to the converted
energy of

Eel =

Uappl(t+ f −1)∫

Uappl(t)

QextdUappl = 165 µJ (A.11)

during one discharge cycle. The power consumption is Pel = Eel f = 331 mW.
Using the measured capacitance during the discharge pulse, the gap voltage is

Ugap = Uappl − Qext

Cdiel
. (A.12)
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Figure A.17: Electrical quantities of the diffuse barrier discharge at 500 mbar, 2 kHz and Ûappl = 4 kV.
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It is plotted together with the applied voltage in (d). The surface charges at the dielectrics are

Qsurface = Qext

(
1 +

Cgap

Cdiel

)
−CgapUappl (A.13)

and shown in (e). Besides, the dependence of the surface charges Qsurface on the gap voltage Ugap is
presented in (f). The rectangular area

Eel =

Ugap(t+ f −1)∫

Ugap(t)

QchargedUgap (A.14)

represents again the converted energy, cause only the discharge current Idis = dQsurface/dt dissipates
energy during one full period. In figure (g), the total external current Itot = UR/Rext is plotted together
with the external displacement current

Idisp,ext = Ctot
dUappl

dt
. (A.15)

The displacement current across the gap in (h) is

Idisp,gap = Cgap
dUgap

dt
. (A.16)

Hence, the discharge current is

Idis,gap = Itot − Idisp,gap = Itot −Cgap
dUgap

dt
= Itot −Cgap

d
dt

(
Uappl − Qext

Cdiel

)

= Itot +
Cgap

Cdiel

dQext

dt
−Cgap

dUappl

dt
=

(
1 +

Cgap

Cdiel

)
Itot −Cgap

dUappl

dt

=
dQsurface

dt

. (A.17)

This identity is shown in figure (i).

A.6.3 Electrical characteristics for various parameter

The calculation of the internal electrical quantities as the discharge current and gap voltage were per-
formed for each measurement. The electrical signal of the discharge in the hybrid mode are presented in
figure A.18. In figure A.19, the applied voltage, the gap voltage, the discharge current and the surface
charges are plotted for various amplitudes of the applied voltage. The corresponding charge-voltage plots
are presented in figure A.20 (a), the dissipated electrical energy per voltage cycle in figure A.20 (b). For
an applied voltage with a larger frequency of 5 kHz, the time dependent electrical quantities are shown
in figure A.21. In figure A.22, they are presented for an applied square wave voltage.
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A.6 Electrical characterisation of the barrier discharge
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Figure A.18: Electrical quantities of the hybrid mode of the barrier discharge at 500 mbar, 2 kHz and
Ûappl = 4 kV.
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A. Experimental details
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2 kHz. (b) Dissipated energy during one voltage cycle depending on the amplitude of
the applied voltage.
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A.6 Electrical characterisation of the barrier discharge
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Figure A.21: Electrical quantities of the diffuse barrier discharge at 500 mbar, 5 kHz and Ûappl = 3.5 kV.
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A. Experimental details
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Figure A.22: Electrical quantities of the filamentary discharge mode in pure nitrogen at 500 mbar with
an applied square wave voltage at 2 kHz and Ûappl = 3.3 kV.
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B Analytical calculations

B.1 Solution of rate equations

B.1.1 Rate equation for the excited B3Πg, v = 3 state

To show that nB3 in equation (3.6) is the solution of the rate equation (3.4), the time derivative of equation
(3.6) is calculated:

dnB3

dt
=

d
dt

((
Xlsr

B3
∗ geff

)
(t) + Xplasma

B3
τeff

)

=

(
Xlsr

B3
∗ dgeff

dt

)
(t) +

d
dt

(
Xplasma

B3
τeff

)

︸            ︷︷            ︸
=0

inserting equation (3.7)

=

(
Xlsr

B3
∗ d

dt

(
Θ(t)e−

t
τeff

))
(t)

=

(
Xlsr

B3
∗
(
δ(t)e−

t
τeff − τ−1

effΘ(t)e−
t

τeff

))
(t)

=

Xlsr
B3
∗ δ(t)e−

t
τeff︸    ︷︷    ︸

=δ(t)

 (t) −
(
Xlsr

B3
∗ τ−1

effΘ(t)e−
t

τeff

)
(t)

= Xlsr
B3

(t) − τ−1
eff

(
Xlsr

B3
∗ geff

)
(t) using equation (3.6)

= Xlsr
B3

(t) − τ−1
eff

(
nB3 − Xplasma

B3
τeff

)

= Xlsr
B3

(t) + Xplasma
B3

− τ−1
effnB3

This agrees with the right-hand side of the rate equation (3.4).

B.1.2 System of rate equations considering collisional coupling

To show that nB and nW in the equations (4.17) and (4.18) are the solutions of the system of rate equations
(4.16), the time derivatives of equations 4.17) and (4.18) are calculated:

dnB

dt
=

d
dt

(Xlsr
B3
∗ gB)(t) =

(
Xlsr

B3
∗ dgB

dt

)
(t)

=
(
Xlsr

B3
∗
(
−A1K1 e−K1tΘ(t) − A2K2 e−K2tΘ(t) + A1 e−K1tδ(t) + A2 e−K2tδ(t)

))
(t)

=

Xlsr
B3
∗
(
−A1K1 e−K1tΘ(t) − A2K2 e−K2tΘ(t)

)
+ Xlsr

B3
∗
A1 e−K1tδ(t)︸    ︷︷    ︸

=δ(t)

+A2 e−K2tδ(t)︸    ︷︷    ︸
=δ(t)



 (t)

see below for auxiliary calculation of A1K1 and A2K2

=

Xlsr
B3
∗
−

KBXA1 +
cB

WXKWXcW
BXKBX

Kcc

 e−K1tΘ(t)

 (t)
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B. Analytical calculations

+

Xlsr
B3
∗
−

KBXA2 −
cB

WXKWXcW
BXKBX

Kcc

 e−K2tΘ(t)

 (t) + (A1 + A2)︸     ︷︷     ︸

=1

Xlsr
B3

(t)

= −KBX
(
Xlsr

B3
∗
(
A1 e−K1tΘ(t) + A2 e−K2tΘ(t)

))
(t)

+ cB
WXKWX


Xlsr

B3
∗ cW

BX
KBX

Kcc

(
e−K2tΘ(t) − e−K1tΘ(t)

)

︸                                    ︷︷                                    ︸
=gW (t), equation (4.18)


(t) + Xlsr

B3
(t)

= −KBX
(
Xlsr

B3
∗ gB

)
(t) + cB

WXKWX
(
Xlsr

B3
∗ gW

)
(t) + Xlsr

B3
(t)

= Xlsr
B3

(t) − KBXnB(t) + cB
WXKWXnW(t)

This result equals with the right-hand side of the first rate equation in (4.16). The used auxiliary calcula-
tions are:

A1K1 =
1
2

(
1 +

KBX − KWX

Kcc

)
1
2

(KBX + KWX + Kcc) equation (4.19)

=
(KBX − KWX + Kcc) (KBX + KWX + Kcc)

4Kcc

=
K2

BX + KBXKWX + KBXKcc − KWXKBX − K2
WX − KWXKcc + KccKBX + KccKWX + K2

cc

4Kcc

=
K2

BX + 2KBXKcc − K2
WX + K2

cc

4Kcc
inserting equation (4.21)

=
K2

BX + 2KBXKcc − K2
WX + (KBX − KWX)2 + 4cW

BXcB
WXKWXKBX

4Kcc

=
K2

BX + 2KBXKcc − K2
WX + K2

BX − 2KBXKWX + K2
WX + 4cW

BXcB
WXKWXKBX

4Kcc

=
2K2

BX + 2KBXKcc − 2KBXKWX + 4cW
BXcB

WXKWXKBX

4Kcc

= KBX
KBX + Kcc − KWX

2Kcc
+

cW
BXcB

WXKWXKBX

Kcc

= KBX
1
2

(
1 +

KBX − KWX

Kcc

)
+ cB

WXKWXcW
BXKBX

1
Kcc

inserting equation (4.19)

= KBXA1 + cB
WXKWXcW

BXKBX
1

Kcc

A2K2 =
1
2

(
1 − KBX − KWX

Kcc

)
1
2

(KBX + KWX − Kcc) equation (4.20)

=
(Kcc − KBX + KWX) (KBX + KWX − Kcc)

4Kcc

=
KccKBX + KccKWX − K2

cc − K2
BX − KBXKWX + KBXKcc + KWXKBX + K2

WX − KWXKcc

4Kcc

=
2KBXKcc − K2

BX + K2
WX − K2

cc

4Kcc
inserting equation (4.21)
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B.1 Solution of rate equations

=

(
2KBXKcc − K2

BX + K2
WX − (KBX − KWX)2 − 4cW

BXcB
WXKWXKBX

)

4Kcc

=
2KBXKcc − K2

BX + K2
WX − K2

BX + 2KBXKWX − K2
WX − 4cW

BXcB
WXKWXKBX

4Kcc

=
2KBXKcc − 2K2

BX + 2KBXKWX

4Kcc
− cW

BXcB
WXKWXKBX

Kcc

= KBX
1
2

(
1 − KBX − KWX

Kcc

)
− cW

BXcB
WXKWXKBX

Kcc
inserting equation (4.20)

= KBXA2 − cB
WXKWXcW

BXKBX
1

Kcc

Time derivative of nW from equation (4.18):

dnW

dt
=

(
Xlsr

B3
∗ dgW

dt

)
(t)

=
cW

BXKBX

Kcc



Xlsr
B3
∗
(
−K2 e−K2tΘ(t) + K1 e−K1tΘ(t)

)
(t) + Xlsr

B3
∗
e−K2tδ(t)︸    ︷︷    ︸

=δ(t)

− e−K1tδ(t)︸    ︷︷    ︸
=δ(t)


︸                              ︷︷                              ︸

=0



(t)

inserting equations (4.19) and (4.20)

= cW
BXKBX

(
Xlsr

B3
∗
(
−KBX + KWX − Kcc

2Kcc
e−K2tΘ(t) +

KBX + KWX + Kcc

2Kcc
e−K1tΘ(t)

))
(t)

= cW
BXKBX

(
Xlsr

B3
∗
(

KBX + KWX + Kcc

2Kcc
e−K1tΘ(t) +

−KBX − KWX + Kcc

2Kcc
e−K2tΘ(t)

))
(t)

= cW
BXKBX

(
Xlsr

B3
∗
(

KBX − KWX + Kcc

2Kcc
e−K1tΘ(t) +

−KBX + KWX + Kcc

2Kcc
e−K2tΘ(t)

))
(t)

+ cW
BXKBX

(
Xlsr

B3
∗
(
2KWX

2Kcc
e−K1tΘ(t) +

−2KWX

2Kcc
e−K2tΘ(t)

))
(t)

using equations (4.19) and (4.20)

= cW
BXKBX

(
Xlsr

B3
∗
(
A1 e−K1tΘ(t) + A2 e−K2tΘ(t)

))
(t)

− KWX

(
Xlsr

B3
∗ cW

BX
KBX

Kcc

(
e−K2tΘ(t) − e−K1tΘ(t)

))
(t)

using equations (4.17) and (4.18)

= cW
BXKBX

(
Xlsr

B3
∗ gB

)
− KWX

(
Xlsr

B3
∗ gW

)
(t)

= cW
BXKBXnB(t) − KWXnW(t)

This result agrees with the right-hand-side of the second equation in (4.16).
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B. Analytical calculations

B.1.3 Rate equation for the A3Σ+
u state considering the pooling reaction

The rate equation (6.4),

dnA

dt
(t, ρ) = −kpooln2

A(t, ρ),

is independently solved for each position.

dnA

n2
A

= −kpooldt

The integration results in:

− 1
nA

= −kpoolt + c

nA(t) =
1

kpoolt − c

Setting t = 0 yields the integration constant c:

nA(0) =
1
−c

⇒ c = − 1
nA(0)

nA(t) =
nA(0)

1 + nA(0)kpoolt

B.2 Calculation of the LIF signal at low pressure

At low pressure, the temporal shape of the laser pulse is neglected, which enables the possibility to
calculate the time dependent LIF signal.

B.2.1 Explicit calculation of the time dependent LIF voltage uLIF(t)

To get equation (4.1), the convolution in (3.18) is calculated by inserting flsr = δ(t− t0) and the equations
(3.7) and (3.15).

uLIF(t) = ûLIFAB3→A1( flsr ∗ geff ∗ gPMT)(t)

= ûLIFAB3→A1(δ(t − t0) ∗ geff ∗ gPMT)(t)

= ûLIFAB3→A1(geff ∗ gPMT)(t − t0) inserting equations (3.7) and (3.15)

= ûLIFAB3→A1

(
e−

ξ
τeff Θ(ξ) ∗ e−

ξ
τPMT Θ(ξ)

)∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1



∞∫

−∞
e−

ξ′
τeff Θ(ξ′)e−

ξ−ξ′
τPMT Θ(ξ − ξ′)dξ′



∣∣∣∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

e−
ξ

τPMT

ξ∫

0

e
τeff−τPMT
τeffτPMT

ξ′dξ′Θ(ξ)



∣∣∣∣∣∣∣∣∣
ξ=t−t0
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B.2 Calculation of the LIF signal at low pressure

= ûLIFAB3→A1


τeffτPMT

τeff − τPMT
e−

ξ
τPMT

[
e

ξ′
τPMT

− ξ′
τeff

]ξ

ξ′=0
Θ(ξ)



∣∣∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

(
τeffτPMT

τeff − τPMT
e−

ξ
τPMT

(
e

ξ
τPMT

− ξ
τeff − 1

)
Θ(ξ)

)∣∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

τeffτPMT

τeff − τPMT

((
e−

ξ
τeff − e−

ξ
τPMT

)
Θ(ξ)

)∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

τeffτPMT

τeff − τPMT

(
e−

t−t0
τeff − e−

t−t0
τPMT

)
Θ(t − t0) using equations (3.7) and (3.15)

= ûLIFAB3→A1

τeffτPMT

τeff − τPMT
(geff(t − t0) − gPMT(t − t0))

B.2.2 Calculation of the time averaged LIF voltage ULIF

For the calculation of the time averaged LIF voltage in (4.2), the time dependent LIF voltage in (4.1)
must be inserted. With a := max(tgd − t0, 0) and b := max(tgd + Tgw − t0, 0), the time averaged LIF
voltage is

ULIF(tgd) =
GBA

Tgw

tgd+Tgw∫

tgd

uLIF(t)dt

=
GBA

Tgw

tgd+Tgw∫

tgd

ûLIF
AB3→A1

τ−1
eff

τPMT

τeff − τPMT

(
e−

t−t0
τeff − e−

t−t0
τPMT

)
Θ(t − t0)dt

= ûLIF
GBA

Tgw

AB3→A1

τ−1
eff

tgd+Tgw−t0∫

tgd−t0

τPMT

τeff − τPMT

(
e−

t
τeff − e−

t
τPMT

)
Θ(t)dt

= ûLIF
GBA

Tgw

AB3→A1

τ−1
eff

b∫

a

τPMT

τeff − τPMT

(
e−

t
τeff − e−

t
τPMT

)
dt

= ûLIF
GBA

Tgw

AB3→A1

τ−1
eff

τPMT

τeff − τPMT

[
−τeff e−

t
τeff + τPMT e−

t
τPMT

]b

a

= ûLIF
GBA

Tgw

AB3→A1

τ−1
eff

τPMT

τeff − τPMT

×
(
−τeff e−

b
τeff + τPMT e−

b
τPMT + τeff e−

a
τeff − τPMT e−

a
τPMT

)
.
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B. Analytical calculations

B.2.3 Explicit calculation of the time dependent LIF voltage uLIF(t) under consideration
of collisional coupling

To get the time dependent LIF voltage under consideration of collisional coupling, the time dependent
LIF voltage in equation (4.1) is calculated by inserting (4.17) instead of (3.7).

uLIF(t) = ûLIFAB3→A1(gB ∗ gPMT)(t − t0) inserting equation (4.17) and (3.15), KPMT = τ−1
PMT

= ûLIFAB3→A1

2∑

i=1

(
Ai e−KiξΘ(ξ) ∗ e−KPMTξΘ(ξ)

)∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

2∑

i=1

Ai

∞∫

−∞
e−Kiξ

′
Θ(ξ′)e−KPMT(ξ−ξ′)Θ(ξ − ξ′)dξ′



∣∣∣∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

2∑

i=1

Ai e−KPMTξ

ξ∫

0

e(KPMT−Ki)ξ′dξ′Θ(ξ)



∣∣∣∣∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

2∑

i=1

(
Ai

1
KPMT − Ki

e−KPMTξ
[
e(KPMT−Ki)ξ′

]ξ
ξ′=0

Θ(ξ)
)∣∣∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

2∑

i=1

(
Ai

KPMT − Ki
e−KPMTξ

(
e(KPMT−Ki)ξ − 1

)
Θ(ξ)

)∣∣∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

2∑

i=1

(
Ai

KPMT − Ki

(
e−Kiξ − e−KPMTξ

)
Θ(ξ)

)∣∣∣∣∣∣∣
ξ=t−t0

= ûLIFAB3→A1

2∑

i=1

Ai

KPMT − Ki

(
e−Ki(t−t0) − e−KPMT(t−t0)

)
Θ(t − t0).

B.2.4 Calculation of the time averaged LIF voltage ULIF under consideration of
collisional coupling

For the calculation of the time averaged LIF voltage in (4.22), the time dependent LIF voltage in from
the previous section must be inserted in equation (4.2). With a := max(tgd − t0, 0) and b := max(tgd +

Tgw − t0, 0), the time averaged LIF voltage under consideration of collisional coupling is

ULIF(tgd)
ûLIFGBA

=
1

ûLIFTgw

tgd+Tgw∫

tgd

uLIF(t)dt

=
1

ûLIFTgw

tgd+Tgw∫

tgd

ûLIFAB3→A1

2∑

i=1

Ai

KPMT − Ki

(
e−Ki(t−t0) − e−KPMT(t−t0)

)
Θ(t − t0)dt

=
AB3→A1

Tgw

2∑

i=1

Ai

KPMT − Ki

tgd+Tgw−t0∫

tgd−t0

(
e−Kit − e−KPMTt

)
Θ(t)dt
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B.3 Identities

=
AB3→A1

Tgw

2∑

i=1

Ai

KPMT − Ki

b∫

a

e−Kit − e−KPMTtdt

=
AB3→A1

Tgw

2∑

i=1

Ai

KPMT − Ki

[
− 1

Ki
e−Kit +

1
KPMT

e−KPMTt
]b

a

=
AB3→A1

Tgw

2∑

i=1

Ai

KPMT − Ki

(
− 1

Ki
e−Kib +

1
Ki

e−Kia +
1

KPMT
e−KPMTb − 1

KPMT
e−KPMTa

)
.

B.3 Identities

B.3.1 Rewriting of the prefactors describing the collisionally coupled states

To show that (4.23) equals (4.19), K1, K2 and K2
cc from equations (4.19), (4.20) and (4.21) are inserted

in equation (4.23).

A1 =
1
2

+
1
2

√
1 − 4CBW

1 −CBW

K1K2

(K1 − K2)2 inserting K1 and K2 from equations (4.19) and (4.20)

=
1
2

+
1
2

(
1 − CBW

1 −CBW

(KBX + KWX + Kcc)(KBX + KWX − Kcc)
K2

cc

) 1
2

=
1
2

+
1

2Kcc

(
(1 −CBW)K2

cc −CBW(KBX + KWX)2 + CBW K2
cc

1 −CBW

) 1
2

=
1
2

+
1

2Kcc

(
K2

cc −CBW(KBX + KWX)2

1 −CBW

) 1
2

inserting K2
cc from equation (4.21)

=
1
2

+
1

2Kcc


K2

BX − 2KBXKWX + K2
WX + 4CBW KBXKWX

1 −CBW
· · ·

· · · −CBW K2
BX − 2CBW KBXKWX −CBW K2

WX


1
2

=
1
2

+
1

2Kcc


K2

BX −CBW K2
BX − 2KBXKWX + 2CBW KBXKWX + K2

WX −CBW K2
WX

1 −CBW


1
2

=
1
2

+
1

2Kcc


(1 −CBW)K2

BX − 2(1 −CBW)KBXKWX + (1 −CBW)K2
WX

1 −CBW


1
2

=
1
2

+
1

2Kcc

(
K2

BX − 2KBXKWX + K2
WX

) 1
2

=
1
2

+
1

2Kcc
(KBX − KWX)
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B. Analytical calculations

B.3.2 Identity of the formulas for the Rayleigh cross section

To show that the Rayleigh cross section in equation (4.35) equals the cross section in equation (4.36), the
depolarisation (4.38) is inserted in equation (4.36):

σRay = σ
sym.
Ray

(
6 + 3ρ0

6 − 7ρ0

) (
2

2 + ρ0

)
inserting equation (4.38)

= σ
sym.
Ray


6 + 3 6κ2

5+7κ2

6 − 7 6κ2

5+7κ2




2

2 + 6κ2

5+7κ2



= σ
sym.
Ray

(
30 + 42κ2 + 18κ2

30 + 42κ2 − 42κ2

) (
10 + 14κ2

10 + 14κ2 + 6κ2

)

= σ
sym.
Ray

(
30 + 60κ2

30

) (
10 + 14κ2

10 + 20κ2

)

= σ
sym.
Ray

(
1 + 2κ2

) (1 + 7/5κ2

1 + 2κ2

)

= σ
sym.
Ray

(
1 +

7
5
κ2

)
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C Numerical simulations

C.1 Radial diffusion after microdischarge

For the simulation of the radial diffusion of the metastables after the microdischarge in section 6.2.2,
a cylindrical coordinate system is chosen. Due to the cylindrical symmetry, the metastables density
distribution depends only on the radial coordinate ρ. For the numerical simulation, a grid with

ρ[l] = l · 0.01 mm for l = 1, . . . ,Ngrid

is defined. The number of grid points is Ngrid = 200. The step width of the grid is

∆ρ[l] = ρ[l + 1] − ρ[l] = 0.01 mm, l = 1, . . . ,Ngrid − 1.

The diffusion current density from equation (6.7) is

Jdiff[k, l] = −D
nA[k, l + 1] − nA[k, l]

∆ρ[l]
, l = 1, . . . ,Ngrid − 1

at the time t[k]. The diffusion current density is defined on the sub-grid

ξ[l] = ρ[l] +
∆ρ[l]

2
, l = 1, . . . ,Ngrid − 1,

with the grid width

∆ξ[l] = ξ[l] − ξ[l − 1] = 0.01 mm, l = 2, . . . ,Ngrid − 1.

At the edges, the width of the sub-grid is defined by

∆ξ[1] = ∆ρ[1] and ∆ξ[Ngrid] = ∆ρ[Ngrid − 1].

The total number of metastables from equation (6.3) is

NA[k] = 2πhdet

Ngrid∑

l=1

nA[k, l]ρ[l]∆ξ[l]

at the time t[k]. The time step is ∆t = t[k + 1] − t[k] = 0.5 µs. The metastables density

nA[k + 1, l] = nA[k, l] + ∆nA[k, l]

at the time t[k + 1] is calculated from the density nA[k, l] at the time t[k] and the density change

∆nA[k, l] = −ξ[l]Jdiff[k, l] − ξ[l − 1]Jdiff[k, l − 1]
ρ[l]∆ξ[l]

∆t, l = 2, . . . ,Ngrid − 1,
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C. Numerical simulations

based on equation (6.9). At the edges,

∆nA[k, 1] = −ξ[1]Jdiff[k, 1]
ρ[1]∆ξ[1]

∆t and ∆nA[k,Ngrid] =
ξ[Ngrid − 1]Jdiff[k,Ngrid − 1]

ρ[Ngrid]∆ξ[Ngrid]
∆t

are chosen to keep the total number of metastables constant. The simulation starts at t[1] = 0 with the
Gaussian metastables density distribution given by equations (6.1) and (6.2).

C.2 Axial diffusion of metastables to the dielectrics

The numerical description of the axial diffusion in section 6.3.2 is based on Fick’s laws as the radial
diffusion, but it is limited by the dielectrics at the positions z = ±0.5 mm. Hence, the losses at the
dielectrics by recombination of the metastables there has to be included in the simulation. This section
starts with the definition of the axial grid and afterwards the rate equations are formulated for the grid
positions. In the third part, some simple examples are discussed to prove the simulation. At the end, the
losses at the dielectrics are analysed in more detail and the equality of the developed simulation with a
more simple simulation is shown.

C.2.1 Axial grid

The axial grid consists of Ngrid points and is defined as

z[l], l = 1, . . . ,Ngrid

with z[1] = −0.5 mm and z[Ngrid] = 0.5 mm. The step width of the grid is

∆z[l] = z[l + 1] − z[l], l = 1, . . . ,Ngrid − 1.

In between, a sub-grid

ζ[l] = z[l] + ∆z[l]/2, l = 1, . . . ,Ngrid − 1.

is defined. It corresponds to the positions where the diffusion current is defined. The step width of the
sub-grid is

∆ζ[l] = ζ[l] − ζ[l − 1], l = 2, . . . ,Ngrid − 1.

This corresponds to the widths of the grid cells at the positions z[l]. To allow an adequate description of
the metastables recombination at the dielectrics, the grid cell width at the edges is defined by the mean
free path `:

∆ζ[1] = ∆ζ[Ngrid] = `.

The total number of metastables in the gap with a cross section area Adis at the time t[k] is

NA[k] = Adis

Ngrid∑

l=1

nA[k, l]∆ζ[l].

Up to now, the actual size of the step width of the grid is not specified. The most obvious grid is a
linear grid with a constant grid width of ∆z = 0.01 mm and a total number of Ngrid = 101 grid points as
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C.2 Axial diffusion of metastables to the dielectrics

shown in figure C.1 (a). This is sufficient to describe the diffusion in the central part of the gap, but not
at the dielectrics where large diffusion currents can occur. Hence, a non-linear grid with a step width of
∆z = 10−4 mm = 0.1 µm at the dielectrics is taken for the simulations. This step width is in the range of
the mean free path ` = 1.59×10−4 mm (see section 6.3.2). The non-linear grid is shown in figure C.1 (b).
Its number of grid points amounts Ngrid = 127. The transition from the central area with ∆z = 10−2 mm
to the edges with ∆z = 10−4 mm is performed with an exponentially decreasing step width.
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Figure C.1: (a) Linear axial grid with Ngrid = 101 and (b) non-linear grid with Ngrid = 127.

C.2.2 Rate equations

The rate equations for the metastables density are the numerical description of equations (6.11) to (6.16).
The diffusion current is

Jdiff[k, l] = −D
nA[k, l + 1] − nA[k, l]

∆z[l]
, l = 1, . . . ,Ngrid − 1

at a time t[k] and the position ζ[l]. The change of the metastables density per time step ∆t = t[k+1]− t[k]
at the position z[k] is

∆nA[k, l] = − Jdiff[k, l] − Jdiff[k, l − 1]
∆ζ[l]

∆t, l = 2, . . . ,Ngrid − 1.
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C. Numerical simulations

The density changes at the boundaries l = 1 and l = Ngrid are treated separately. They consist of the
diffusion currents between the edge and the next grid point and the loss terms at the boundary:

∆nA[k, 1] = − Jdiff[k, 1]
`

∆t − 1
4
γA

v̄thnA[k, 1]
`

∆t,

∆nA[k,Ngrid] =
Jdiff[k,Ngrid − 1]

`
∆t − 1

4
γA

v̄thnA[k,Ngrid]
`

∆t.

The subsequent metastables density after one time step is

nA[k + 1, l] = nA[k, l] + ∆nA[k, l], l = 1, . . . ,Ngrid.

C.2.3 Time steps

The missing task is the definition of the time steps. The total number of grid points and time steps
determines the calculation time of the simulation. The entire time of the simulation should be one half
or one full period of the applied voltage, hence at least 250 µs.

For a reasonable solution, the absolute value of the density change ∆nA must be smaller than the
metastables density nA at the same position:

|∆nA[k, l]| < nA[k, l], ∀ k, l. (C.1)

In the volume, the maximal diffusion current is estimated by Jmax
diff [k, l] = D · nA[k, l]/∆z[l]. Using this,

the maximal density change is

∆nmax
A [k, l] =

Jmax
diff [k, l]

∆ζ[l]
= D

nA[k, l]
∆z[l]∆ζ[l]

∆t.

Condition (C.1) is fulfilled, if

∆t <
min(∆z[l]) min(∆ζ[l])

D
. (C.2)

Using the linear grid shown in figure C.1 (a) with Ngrid = 101, min(∆z[l]) and min(∆ζ[l]) become
0.01 mm and the time step must be shorter than 2.38 µs. For the non-linear grid in figure C.1 (b), both
values are 100 times smaller and the time step must be shorter than 0.24 ns.

At the dielectrics, the wall recombination term gives an additional condition for numerical stability:

|∆nA[k, 1]|
nA[k, 1]

=
1
4
γA

v̄thnA[k, 1]
`nA[k, 1]

∆t < 1.

Rearranging this inequality gives

∆t <
4`
γAv̄th

. (C.3)

This is an upper limit of 6.18 ns for γA = 0.2 and 1.24 ns for γA = 1. In the case of the linear grid,
this limit is much shorter than from condition (C.2), but for the non-linear grid it is already fulfilled.
Nevertheless, with a time step of 0.24 ns, about 106 time steps are necessary for a simulation time of
250 µs. To reduce this numerical effort, the time steps are different for the fine grids at the edges and the
central part, as denoted in C.1 (b). In the centre, the time step is ∆t = 0.1 µs. At the edges, the simulation
calculates the density change in a subordinated loop with a time step of ∆t = 0.1 ns.
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C.2 Axial diffusion of metastables to the dielectrics

C.2.4 Tests of the numerical simulation

Since the numerical simulation with the non-linear grid offers various sources of errors, some tests with
well-defined metastables distributions are performed. First of all, the temporal evolution without losses
at the dielectrics is investigated. This corresponds to an absorption coefficient of γA = 0. The starting
metastables distribution is linear with a maximum in the centre. For this case, the axial profiles of the
metastables density and the diffusion current are plotted for different times in figure C.2 (a) and (b),
respectively.
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Figure C.2: (a) Axial profiles of the simulated N2(A3Σ+
u ) metastables density and (b) diffusion current

density at various times for a simulation without losses at the dielectrics. (c) Corresponding
time dependence of the total number of N2(A3Σ+

u ) metastables in the gap and (d) diffusion
current at the dielectrics.

As expected, the density maximum in the centre decreases and the metastables diffuse towards the
dielectrics. The density profile in (a) becomes flatter and the diffusion current in (b)decreases with time.
In figure C.2 (c), the entire number of metastables is plotted time dependent. Because of γA = 0, it
remains constant. Below in (d), the time dependent diffusion current at the dielectrics is shown. At the
beginning, the density gradient is maximal as well as the diffusion current. Afterwards, the metastables
accumulate at the dielectrics and the diffusion current density decreases because of the decreasing density
gradient.

The second important case to validate the simulation is γA = 1, that means all metastables reaching
the dielectric become de-excited there. For simplification, the simulation starts with a constant density in
the gap of 4 × 1013 cm−3. The calculated density profiles and diffusion currents are shown in figure C.3
(a) and (b) for different times. The time dependence of the total number of metastables and the diffusion
current at the dielectrics are plotted in figure C.3 (c) and (d), respectively.

Already after a time of 20 µs, the density at the dielectrics is nearly zero. In contrast, the density in
the centre of the gap does not change in 250 µs. The sheath at the dielectrics becomes larger. Due to
the losses at the dielectrics, the total number of metastables in the gap decreases, but the total loss of
metastables is only about 25 % after 250 µs (see figure C.3 (c)). The time dependence of the diffusion
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Figure C.3: (a) Axial profiles of the simulated N2(A3Σ+
u ) metastables density and (b) diffusion current

density at various times for a simulation with complete recombination of N2(A3Σ+
u ) metasta-

bles at the dielectrics (γA = 1). (c) Corresponding time dependence of the total number of
N2(A3Σ+

u ) metastables in the gap and (d) diffusion current at the dielectrics.

current at the dielectrics in (d) shows a fast decrease in the first 50 µs and a slow decrease afterwards.
This is again caused by the decrease in the metastables density gradient.

As discussed, the density is already zero after 20 µs at the dielectrics. To show the decrease in metasta-
bles density at the dielectric, the axial profiles and diffusion currents are plotted in figure C.4 (a) and (b)
for the first 100 ns in a small range of 10 µm in front of the dielectric. The time dependent total number
of metastables and the diffusion current at the dielectric are presented in (c) and (d). In addition, the
product of the thermal current in front of the dielectrics with the wall recombination coefficient

γAJ±th = −1
4
γAv̄thnA

is plotted as the measure for the losses at the dielectric. As visible in (a), the density decrease at the
dielectric is very large in the first nanoseconds. A sheath develops with a decrease in density gradient.
Despite the different time and length scales, the relative metastables density profiles and the diffusion
current profiles in figure C.3 and C.4 are the same. Looking at figure C.4 (c), the total number of
metastables does not change significantly in that short time, since the density decrease appears only in a
very thin sheath in front of the dielectric. The comparison of the diffusion current and the thermal current
in (d) shows a clear difference. The absolute value of the thermal current is maximal at the beginning
because of the large density there. Afterwards, it decreases rapidly. In contrast, the diffusion current starts
at zero and increases very fast in the first nanoseconds, cause the losses at the dielectric result in a steep
density gradient. After about five nanoseconds, the density gradient becomes flatter and the diffusion
current decreases. For later times, both curves approach each other. That means, the losses at the
dielectrics are determined by the diffusion current towards the dielectric. In other words, all metastables
reaching the dielectric by diffusion become de-excited there. The total number of lost metastables is
limited by the diffusion current to the dielectric. On the other hand, if γAJ±th is not the limiting factor,
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Figure C.4: (a) Axial profiles of the N2(A3Σ+
u ) metastables density and (b) diffusion current density

in front of the dielectric for the first nanoseconds of the simulation with γA = 0.2. (c)
Corresponding time dependence of the total number of N2(A3Σ+

u ) metastables in the gap,
(d) diffusion current and thermal current at the dielectric.

the actual value of the absorption coefficient γA is unimportant. Hence, the loss of metastables and the
density profile of metastables does not depend on γA.
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C. Numerical simulations

C.2.5 Simplified model

Starting from the result of the previous paragraph, a simplified model is developed to describe the dif-
fusion in the gap. As shown, the losses at the dielectric are independent from the wall recombination
coefficient γA and the density decreases within some hundred nanoseconds to zero at the dielectric. As
a consequence, the actual process at the dielectrics is ignored and the density at the dielectrics is set to
zero:

nA[k, 1] = nA[k,Ngrid] = 0 ∀ k. (C.4)

This replaces the boundary condition (6.16) and makes condition (C.3) dispensable. Furthermore, if the
actual process in front of the wall is unimportant, a linear grid can be chosen. This softens condition
(C.2). In conclusion, a simple model with a linear grid and the boundary condition (C.4) is sufficient.
This is tested with a linear grid as in figure C.1 (a) and a time step of 1 µs. The starting density is constant
as in figure C.3. The results are plotted in figure C.5. The comparison with figure C.3 shows a complete
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Figure C.5: (a) Axial profiles of the N2(A3Σ+
u ) metastables density and (b) diffusion current density for

various times for a simulation with the simple model. (c) Corresponding time dependence
of the total number of N2(A3Σ+

u ) metastables in the gap and (d) diffusion current at the
dielectrics.

agreement of the density profiles as well as the diffusion currents from both simulations.
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C.3 Simulation of the metastables behaviour for the whole voltage cycle

C.3 Simulation of the metastables behaviour for the whole voltage cycle

In contrast to the other simulations, the simulation of the metastables density during the whole discharge
cycle starts not with a measured axial density profile. As a consequence, the simulation is performed for
several voltage cycles until there is no difference between the cylces remarkable. This is shown in figure
C.6. As visible, the metastables density in the first cycle differs from the density in the second one, but
between the second and third period no difference can be seen. Hence, two voltage cycles are enough to
get the right simulation results.
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