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• Historical overview
• Q-V plot (aka Lissajous figure)
• Simplest equivalent circuit of the barrier discharge
• Electrical current in the discharge gap vs. electrical current 

measured in the external circuit 
• Voltage on the gas gap and the electric field parameter
• Application of the electrical analysis for the (not only) 

spectroscopic plasma investigation
• Understanding the plasma chemistry of low pressure volume and 

for coplanar barrier discharge in atmospheric pressure air



Barrier discharge - already Siemens had done it…

W. Siemens 1857 and 
Buss 1932, Klemenc 1937, Manley 1943, Samoilovich 1966, Gibalov 1981, Eliasson, 

Kogelschatz 1983, Heuser 1985, Okazaki 1993, Zhu 1996, Kozlov 2001, Stollenwerk 20072



Manley and his Q-V plots for large scale ozonizers
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Manley 1943 Trans. Electrochem. Soc.

Kogelschatz 2003 Plasma Chem. Plasma Process. 
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Simplest equivalent circuit of barrier discharge

… a macroscopic point of view

Liu et al. 2003 J. Phys. D: Appl. Phys. 
Pipa et al. 2012 Rev. Sci. Instrum.
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Kirchhoff’s circuit equations and the result

Liu et al. 2003 J. Phys. D: Appl. Phys. 
Pipa et al. 2012 Rev. Sci. Instrum.

… a macroscopic point of view
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Discharge current correct value?

Tschiersch et al. 2017 J. Phys. D: Appl. Phys.
Peeters et al. 2015 Plasma Sources Sci. Technol. 

Pipa et al. 2012 Rev. Sci. Instrum.
Williamson et al. 2006 J.Phys. D: Appl. Phys.

Merbahi et al. 2004 J. Phys. D: Appl. Phys.  
Liu et al. 2003 J. Phys. D: Appl. Phys. 

Bibinov et al. 2001 J. Phys D: Appl. Phys.

Reichen et al. 2010 J. Phys. D: Appl. Phys. 
Massines et al. 2005 Plasma Phys. Control. Fusion

Naude et al. 2005 J. Phys. D: Appl. Phys.
Bletzinger et al. 2003 J. Phys. D: Appl. Phys.

Lomaev et al. 2001 Atmos. Oceanic Optic.

VS.
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Electrical current balance equation

Kulikovsky 1994 J. Phys. D: Appl. Phys.
Wang et al. 2006 J. Appl. Phys. 
Hoder, Bonaventura et al. 2016

… a microscopic point of view



8

Electrical current balance equation + surface charge

… a microscopic point of view

Bonaventura, Hoder et al. 2017



9 Braun et al. 1992 Plasma Sources Sci. Technol.

2D simulation of the volume barrier discharge 
in atmospheric pressure air

red arrow denotes the streamer impact onto the cathode 
creating the conductive channel

Limitations: net charge in streamer head and sheath



10 Sretenović et al. 2014 J. Phys. D: Appl. Phys.

Correlated current and spatiotemporal development of helium line 
in barrier discharge plasma jet in atmospheric pressure helium 

the streamer impact creating the conductive channel

Limitations: net charge in streamer head and sheath
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Limitations of current determination

Coplanar barrier discharge in air 
at 30 kPa pressure

red arrow denoting the 
impact of streamers on

the electrodes

Hoder, Synek et al. 2016 Plasma Phys. Control. Fusion

E(t) = Ug(t)/g
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Spectroscopic comparison – helium barrier 
discharge at 20kPa

Ivkovic et al. 2009 J. Phys. D: Appl. Phys. 
Liu et al. 2003 J. Phys. D: Appl. Phys.

Spatiotemporally resolved direct electric field measurement using Stark 
polarization emission spectroscopy in helium volume barrier discharge
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Spectroscopic comparison – helium at 20kPa

Ivkovic et al. 2009 J. Phys. D: Appl. Phys. 
Liu et al. 2003 J. Phys. D: Appl. Phys.

Spatiotemporally resolved direct electric field measurement
using Stark polarization emission spectroscopy - comparison
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Spectroscopic comparison – N2/H2 mixture at 
atmospheric pressure in ns-pulsed barrier discharge

Boehm et al. 2016 Plasma Sources Sci. Technol.
Kettlitz et al. 2012 J. Phys. D: Appl. Phys.

Pipa et al. 2012 Rev. Sci. Instrum.

Direct electric field measurement in the 
discharge gap based on coherent anti-Stokes 

Raman spectroscopy four-wave mixing method

derived within the simplest
equivalent circuit approach
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Spectroscopic comparison – air 30kPa Townsend phase of 
coplanar barrier discharge prior the breakdown

Pipa et al. 2012 Rev. Sci. Instrum.
Hoder, Synek et al. 2016 Plasma Phys. Control. Fusion

Effective electric field determined by Townsend alpha coefficient fitting of α(E/N) 
from  high-resolution emission of N2(C-B) in coplanar barrier discharge

derived within the simplest
equivalent circuit approach

Electric field at the breakdown instant: 
190±30 Td (electrics) and 220±20 Td (fitting)

and 210±40 Td from FNS/SPS(E/N)

1 mm
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Pockels effect comparison – helium barrier 
discharge at atmospheric pressure

Bogaczyk, Sretenović et al. 2012 Eur. Phys. J. D
Liu et al. 2003 J. Phys. D: Appl. Phys.

Electric field measurement induced by 
Pockels effect on deposited surface charge
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Determination of capacitances – fully powered large 
scale reactors (DCSBD, ozonizers, …)

Falkenstein et al. 1997 J. Phys. D: appl. Phys.
Manley 1943 Trans. Electrochem. Soc.

Peeters et al. 2015 Plasma Sources Sci. Technol.
Pipa et al. 2012 Rev. Sci. Instrum.

Limited just for full electrode surface 
coverage by plasma!

E.g. DCSBD at power with full coverage of 
electrodes by plasma filaments!
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Determination of capacitances – pulsed reactors

Pipa et al. 2012 Rev. Sci. Instrum.

Low pressure asymmetric barrier 
discharge in argon at 100 mbar

Atmospheric pressure symmetric barrier 
discharge in N2-O2 mixture
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Applicability of the approach - limitations

Liu et al. 2003 J. Phys. D: Appl. Phys. 
Pipa et al. 2012 Rev. Sci. Instrum.

Limited to barrier discharges which can be 
described within a single node 

approximation – i.e. the radial structure is 
negligible for given spatial- and temporal-

scale:

1. Homogeneous barrier discharges 
(pulsed or sine applied voltage)

2. Nanosecond pulsed barrier discharges
3. Spatially confined single-filament barrier 

discharges
4. Multi-filament plasma sources with full 

electrode coverage
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What about not fully powered 
barrier discharge reactors … ?

Peeters et al. 2015 Plasma Sources Sci. Technol.

… or middle-sized multifilament discharges without 
full surface coverage by plasma – what to do?
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How to use this? 
What parameters can be approached…

... besides the cases for mentioned spectroscopy 
and Pockels effect cases 

Averaged, spatially unresolved, 
electric field strength development

E(t) = Ug(t)/g

Instantaneous discharge 
power development

The upper estimate of the electron 
density development within the 
established discharge channel
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Effective electric field and power in ns-pulsed 
single-filament coplanar barrier discharge

Hoder, Šimek et al. 2017

Complete analysis of macroscopic parameters of 
nanosecond pulsed plasma in atmospheric pressure argon 

Gap voltage, effective reduced electric 
field and internal discharge current 

development

Instantaneous development of the 
internal transferred charge, energy and 

power in the discharge

Compare to Leiweke et al 2013 J. Appl. Phys. 
Dedrick et al. 2012 Plasma Sources Sci. Technol
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Electron density in ns-pulsed 
single-filament coplanar barrier discharge

Hoder, Šimek et al. 2017
Zhu and Pu 2010 J. Phys. D: Appl. Phys.

Rough estimate of lower and upper limit of electron 
density by line-ratio and electrical methods

Other limitation of the method probably reached –
plasma channel with high electron density would 

have less capacitive behaviour as Cg

Compare to Walsh et al 2010 Eur. Phys. J. D
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Electric field in Townsend phase of coplanar barrier 
discharge in atmospheric pressure air

Hoder, Jánský, Bessiéres et al. 2016

Electric field prior the breakdown from 
Townsend α(E/N) coefficient fitting on 

N2(C-B) spectra emission

Electric field in the gap 
from electrical analysis

Electric field at the breakdown instant: 
180±30 Td (electrics) and 185±20 Td (fitting)

and 200±40 Td  from FNS/SPS(E/N)
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Importance of basic plasma parameters 
for long-term chemistry (4torr volume BD streamer)

E(x,t) EVDF(x,t) rate coefficients (x,t) electron, radical, metastable densities (x,t) 

Hoder, Bonaventura et al. 2016 Plasma Sources Sci. Technol.

oxygen
atoms

NO
molecules

electrons

electric 
field
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Take-home message

Although spatially unresolved and approximative, the electrical analysis according to 
the simplest equivalent circuit approach can give important informations about the 

plasma for (not only) low-density confined plasmas. 

It can gives information about temporal development of the effective electric field in 
the discharge gap, about the net transferred charge or electron density within the 

plasma channel or the instantaneous consumed power in the plasma.

All these derived informations can support other methods applied to investigation of 
the plasma. For precise analysis an, at least, 2D numerical model for given conditions

has to be utilised.

Single-filament coplanar barrier discharge was studied numerically and 
experimentally resulting in electric field high-resolution records in quantitative 

agreement. We plan to compute the generated surface gas chemistry using novel kinetic 
model of Zdeněk Bonaventura including usage of sensitivity analysis.



Thank you for your attention!

A. PipaZ. Bonaventura, P. Synek,  
J. Ráhel’ and M.Černák

M. Šimek

F.J. Gordillo-Vázquez

… and thanks to my colleagues and collaborators 
for the fruitfull discussions and their contribution!

J. Jánský

D. Bessieres
and J. Paillol





9 Braun et al. 1992 Plasma Sources Sci. Technol.

2D simulation of the volume barrier discharge 
in atmospheric pressure air

red arrow denotes the streamer impact onto the cathode creating the 
conductive channel

Streamer impact and channel current
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Electrical characteristics TC-SPC recording at the anode

>>> new-found local maximum emerging prior to the breakdown of the gap

Hoeft et al. 2014 J.Phys.D:Appl.Phys.

Pre-breakdown	phase	of	pulsed	BDs:	
different	pulse	widths



Emission	spectra	and	E/n	determination

Paris et al. 2005 J.Phys.D:Appl.Phys.

→ access to the electric field determination
without any distortion of the discharge – just from its emission

SPS

FNS

Intensity ratio FNS/SPS = f(E/n)

9



Without use of theoretical computations we used single-table setup including:
• Corona discharge as a subject of investigation
• Optical setup with monochromator, photomultipliers and TC-SPC module

(resolution of almost 10 ps and 10 µm)
• Townsend discharge for electric field calibration

10

Experimental	setup

Hoder et al. 2012 Phys.Rev.E
Hoder et al. 2016 Plasma Sources Sci. Technol.



The case	of streamer discharge in	air

6 Kozlov et al. 2005 J.Phys.D: Appl.Phys

SPS FNS



SPS FNS

E/n(x,t)

Paris et al. 2005 
J.Phys.D:Appl.Phys.

R(x,t) = f(E/n(x,t))

RAPID COMMUNICATIONS

TOMÁŠ HODER et al. PHYSICAL REVIEW E 86, 055401(R) (2012)

FIG. 1. Experimental setup for the E/n determination in TP
discharge. The embedded intensified CCD picture was taken with an
exposure time of 1 ms. PMT stands for photomultiplier, and TS-SPC
for time-correlated single-photon counting module.

second positive system of nitrogen (band head at 337.1 nm,
SPS) [25,27,29]. The non-self-sustaining Townsend discharge
was operated under UV irradiation in the same setup as used
in Ref. [28]. To obtain more direct results, the measurement of
the TPs and the E/n calibration were performed on the same
setup using an adjustable mirror.

The spatial and temporal resolution of the CCS reached
10 µm and approximately 10 ps. In order to justify the use
of the hydrodynamic equilibrium approximation by measure-
ments with such a high temporal and spatial resolution, the
collision frequencies νm(U ) and νe(U ) for momentum and
energy dissipation as well as the mean free path λm(U ) and
the energy dissipation length λe(U ) were determined (see
Fig. 2) according to Ref. [30] as a function of the kinetic
energy U of the electrons. These quantities were obtained
using the recommended collision cross-section data given by
Ref. [31]. Because both the dissipation frequencies are larger
than the highest frequency of the electric-field change of about
1.13 × 1010 s−1 (see below) for almost all relevant energies, a
quasistationary evolution of the distribution function of the
electrons with respect to the energy and momentum takes
place. This result is in agreement with Refs. [32,33] and
has also been justified by corresponding temporal relaxation
studies. In addition, the mean free path and energy dissipation
length are smaller than the smallest length of the electric-field
change of about 7.6 × 10−6 m for almost all relevant energies,
so that the electrons can be assumed to be in equilibrium with
the local field.

The spatiotemporally resolved intensity distributions for
the SPS and the FNS during the TP rise are shown in Fig. 3.
The two main parts of the discharge are already visible on the
SPS intensity distribution [Fig. 3(a)]. The maximum intensity
(from 50 to 400 µm) is created by the propagation of the
negative streamer. The measurement of the SPS was done for
a PMT gain of 65%. Thus, as shown in Fig. 3(a), only the
most intensive light signal was obtained to identify the clearly
visible negative-streamer propagation towards the anode. The
temporal correlation of light and current signals revealed that
the maximum light emission (spatially integrated) appears at
the same moment as the current pulse maximum, whereby
the maximum light emission correlates with the propagation
of the negative streamer. The FNS signal distribution shown

FIG. 2. (Color online) Collision frequencies νm(U ) and νe(U ) for
momentum and energy dissipation and the mean free path λm(U ) and
the energy dissipation length λe(U ) in comparison with the highest
frequency of the electric-field change νf (U ) and the smallest length
of the electric-field change λf (U ).

in Fig. 3(b), which can be interpreted as the spatiotemporal
distribution of electrons with energy !18.7 eV [25], contains
much more information about the discharge development
at close proximity to the cathode. Taking into account the
local field approximation and direct electron impact excitation
of radiating states, the trace of the maximum E/n can be
visualized [25]. The increase of the signal starts 90 µm apart
from the negative point. A few nanoseconds later the positive
streamer is ignited and propagates towards the cathode. As the
positive streamer reaches the cathode, the current rises to its
maximum. From FNS and SPS measurements we estimated the
velocity of the positive and negative streamers to be 6 × 104

and 7 × 105 m/s, respectively. In consistency with literature
[34], shortly after ignition the velocity of the positive streamer
is smaller than that of the negative one. Comparing the plots
in Fig. 3 it can be seen that there is no high FNS signal where
the SPS signal has its maximum. Thus it can be concluded
that within the negative streamer the E/n is lower than in the
positive one (see below) while the electron density is higher.

Based on the kinetic model [25,27,29] the relation between
the measured intensities of the FNS and the SPS and their ratio
RFNS/SPS(E/n) is in our case given as

(
IFNS

/
τ FNS

eff + dIFNS/dt

ISPS
/
τ SPS

eff + dISPS/dt

)
τ FNS

eff

τ SPS
eff

= RFNS/SPS. (1)

The letter I denotes the measured light intensity. The effective
lifetimes τeff are given in Ref. [35] and computed from data in

055401-2

The image part with relationship ID rId7 was not found 
in the file.

Kinetic	scheme,	light	intensities	and	ratio

7



Time-correlated	single	photon	counting	technique,
cross-correlation	spectroscopy

5
Ikuta and Kondo 1976 IEE

W. Becker 2005 Advanced time-correlated single-photon counting techniques

High temporal resolution, but especially high 
dynamic range and perfect correlation to the 
studied emission event - the time reference
(trigger) is set on the discharge itself!

SYNC-Signal:
• represents shape of 

the full light pulse
• giving a time 

reference 

START STOP

Delay

single photon 
accumulation

MAIN-Signal:
• random single photons
• spatially resolved
• spectrally resolved

micro-discharge

first counted photon

time

relative
time information
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FIG. 1. Experimental setup for the E/n determination in TP
discharge. The embedded intensified CCD picture was taken with an
exposure time of 1 ms. PMT stands for photomultiplier, and TS-SPC
for time-correlated single-photon counting module.

second positive system of nitrogen (band head at 337.1 nm,
SPS) [25,27,29]. The non-self-sustaining Townsend discharge
was operated under UV irradiation in the same setup as used
in Ref. [28]. To obtain more direct results, the measurement of
the TPs and the E/n calibration were performed on the same
setup using an adjustable mirror.

The spatial and temporal resolution of the CCS reached
10 µm and approximately 10 ps. In order to justify the use
of the hydrodynamic equilibrium approximation by measure-
ments with such a high temporal and spatial resolution, the
collision frequencies νm(U ) and νe(U ) for momentum and
energy dissipation as well as the mean free path λm(U ) and
the energy dissipation length λe(U ) were determined (see
Fig. 2) according to Ref. [30] as a function of the kinetic
energy U of the electrons. These quantities were obtained
using the recommended collision cross-section data given by
Ref. [31]. Because both the dissipation frequencies are larger
than the highest frequency of the electric-field change of about
1.13 × 1010 s−1 (see below) for almost all relevant energies, a
quasistationary evolution of the distribution function of the
electrons with respect to the energy and momentum takes
place. This result is in agreement with Refs. [32,33] and
has also been justified by corresponding temporal relaxation
studies. In addition, the mean free path and energy dissipation
length are smaller than the smallest length of the electric-field
change of about 7.6 × 10−6 m for almost all relevant energies,
so that the electrons can be assumed to be in equilibrium with
the local field.

The spatiotemporally resolved intensity distributions for
the SPS and the FNS during the TP rise are shown in Fig. 3.
The two main parts of the discharge are already visible on the
SPS intensity distribution [Fig. 3(a)]. The maximum intensity
(from 50 to 400 µm) is created by the propagation of the
negative streamer. The measurement of the SPS was done for
a PMT gain of 65%. Thus, as shown in Fig. 3(a), only the
most intensive light signal was obtained to identify the clearly
visible negative-streamer propagation towards the anode. The
temporal correlation of light and current signals revealed that
the maximum light emission (spatially integrated) appears at
the same moment as the current pulse maximum, whereby
the maximum light emission correlates with the propagation
of the negative streamer. The FNS signal distribution shown

FIG. 2. (Color online) Collision frequencies νm(U ) and νe(U ) for
momentum and energy dissipation and the mean free path λm(U ) and
the energy dissipation length λe(U ) in comparison with the highest
frequency of the electric-field change νf (U ) and the smallest length
of the electric-field change λf (U ).

in Fig. 3(b), which can be interpreted as the spatiotemporal
distribution of electrons with energy !18.7 eV [25], contains
much more information about the discharge development
at close proximity to the cathode. Taking into account the
local field approximation and direct electron impact excitation
of radiating states, the trace of the maximum E/n can be
visualized [25]. The increase of the signal starts 90 µm apart
from the negative point. A few nanoseconds later the positive
streamer is ignited and propagates towards the cathode. As the
positive streamer reaches the cathode, the current rises to its
maximum. From FNS and SPS measurements we estimated the
velocity of the positive and negative streamers to be 6 × 104

and 7 × 105 m/s, respectively. In consistency with literature
[34], shortly after ignition the velocity of the positive streamer
is smaller than that of the negative one. Comparing the plots
in Fig. 3 it can be seen that there is no high FNS signal where
the SPS signal has its maximum. Thus it can be concluded
that within the negative streamer the E/n is lower than in the
positive one (see below) while the electron density is higher.

Based on the kinetic model [25,27,29] the relation between
the measured intensities of the FNS and the SPS and their ratio
RFNS/SPS(E/n) is in our case given as

(
IFNS

/
τ FNS

eff + dIFNS/dt

ISPS
/
τ SPS

eff + dISPS/dt

)
τ FNS

eff

τ SPS
eff

= RFNS/SPS. (1)

The letter I denotes the measured light intensity. The effective
lifetimes τeff are given in Ref. [35] and computed from data in
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SPS) [25,27,29]. The non-self-sustaining Townsend discharge
was operated under UV irradiation in the same setup as used
in Ref. [28]. To obtain more direct results, the measurement of
the TPs and the E/n calibration were performed on the same
setup using an adjustable mirror.

The spatial and temporal resolution of the CCS reached
10 µm and approximately 10 ps. In order to justify the use
of the hydrodynamic equilibrium approximation by measure-
ments with such a high temporal and spatial resolution, the
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energy dissipation as well as the mean free path λm(U ) and
the energy dissipation length λe(U ) were determined (see
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Ref. [31]. Because both the dissipation frequencies are larger
than the highest frequency of the electric-field change of about
1.13 × 1010 s−1 (see below) for almost all relevant energies, a
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studies. In addition, the mean free path and energy dissipation
length are smaller than the smallest length of the electric-field
change of about 7.6 × 10−6 m for almost all relevant energies,
so that the electrons can be assumed to be in equilibrium with
the local field.

The spatiotemporally resolved intensity distributions for
the SPS and the FNS during the TP rise are shown in Fig. 3.
The two main parts of the discharge are already visible on the
SPS intensity distribution [Fig. 3(a)]. The maximum intensity
(from 50 to 400 µm) is created by the propagation of the
negative streamer. The measurement of the SPS was done for
a PMT gain of 65%. Thus, as shown in Fig. 3(a), only the
most intensive light signal was obtained to identify the clearly
visible negative-streamer propagation towards the anode. The
temporal correlation of light and current signals revealed that
the maximum light emission (spatially integrated) appears at
the same moment as the current pulse maximum, whereby
the maximum light emission correlates with the propagation
of the negative streamer. The FNS signal distribution shown
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in Fig. 3(b), which can be interpreted as the spatiotemporal
distribution of electrons with energy !18.7 eV [25], contains
much more information about the discharge development
at close proximity to the cathode. Taking into account the
local field approximation and direct electron impact excitation
of radiating states, the trace of the maximum E/n can be
visualized [25]. The increase of the signal starts 90 µm apart
from the negative point. A few nanoseconds later the positive
streamer is ignited and propagates towards the cathode. As the
positive streamer reaches the cathode, the current rises to its
maximum. From FNS and SPS measurements we estimated the
velocity of the positive and negative streamers to be 6 × 104

and 7 × 105 m/s, respectively. In consistency with literature
[34], shortly after ignition the velocity of the positive streamer
is smaller than that of the negative one. Comparing the plots
in Fig. 3 it can be seen that there is no high FNS signal where
the SPS signal has its maximum. Thus it can be concluded
that within the negative streamer the E/n is lower than in the
positive one (see below) while the electron density is higher.

Based on the kinetic model [25,27,29] the relation between
the measured intensities of the FNS and the SPS and their ratio
RFNS/SPS(E/n) is in our case given as

(
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The letter I denotes the measured light intensity. The effective
lifetimes τeff are given in Ref. [35] and computed from data in
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LFA - collision frequencies
For justification of local field approximation the approach of analysis of
the energy-resolved collision frequencies for momentum and energy
dissipation as well as the energy-resolved mean free path and energy
dissipation length.

Hoder, Loffhagen et al. 2012 Phys. Rev. E13

Quasi-stationary evolution of the distribution function of the electrons 
takes place and electrons can be assumed to be in equilibrium with the 

local field.



 
32nd ICPIG, July 26-31, 2015, Iași, Romania 

In the case of the measurements at reduced 
pressure, the repetitive streamer event was generated 
in a symmetric dielectric-barrier-discharge 
geometry, where both electrodes with mutual 
distance of 40 mm were covered by dielectric 
material. One electrode was powered by repetitive 
high-voltage bursts (superimposing two sine-waves, 
fAC = 1 kHz, with a positive pulse of a duration of 
100 ns) at fixed repetition frequency of 30 Hz [12]. 
Light emitted by the streamer was recorded using a 
fast Hamamatsu photomultiplier (H10721) with 
temporal resolution of 200 ps.  
 
3. Inner structure of a streamer 

Measuring streamer emission of the FNS and the 
SPS system with high resolution, the following 
phenomenon can be revealed. The intensity maxima 
of FNS or SPS in time are delayed behind the 
maximum of the electric field of the streamer [9,11]. 
The value of these delays can reach up to 400 ps in 
the streamer development. As shown in [11], the 
detected emission just represents populations of 
excited states formed behind the running streamer 
head, giving only delayed information about the 
streamer head position. In [11], the equation  
 

tdelay = (1-Edelay/Emax)laxial/2vstreamer  (1) 
 
describing this delay by other streamer parameters 
was derived, where tdelay is the time interval of the 
delay of the intensity signal maximum behind the 
maximum of the streamer electric field, Edelay and 
Emax are the electric field values at this delayed time 
coordinate and the streamer peak electric field value, 
respectively, laxial is the axial length of the streamer 
[9,13] and vstreamer is the streamer velocity. One can 
see from (1) that the value of the delay for the FNS 
or SPS emission intensity is directly linked to the 
fundamental streamer parameters. Thus, one gets an 
additional parameter to reconstruct the streamer 
structure from measurable quantities together with 
the velocity-diameter relation to the electric field 
value of the streamer [9] and a similar relation for 
the streamer current [14]. 
 
4. Relaxation of electron velocity distribution 
function 

In order to justify the use of the hydrodynamic 
equilibrium approximation by measurements with 
such a high temporal and spatial resolution, different 
approaches can be used. One approach consists in 
the analysis of the energy-resolved collision 
frequencies for momentum and energy dissipation as 
well as the energy-resolved mean free path and 
energy dissipation length and it can already be done 

on the basis of known electron collision cross 
section data. If both the dissipation frequencies are 
larger than the frequency of electric field variation 
and both the characteristic lengths are smaller than 
the length of electric field change for all relevant 
kinetic energies U of the electrons, the electrons are 
in equilibrium with the electric field. The fulfillment 
of these relations was shown for the corona 
discharge in air at atmospheric pressure in [5].  

Another approach is the study of the electron 
relaxation in time and space for different reduced 
electric field strengths E/N. Using again the electron 
collision cross sections for air, the temporal and/or 
spatial relaxation of the electrons can be determined 
by solving the electron Boltzmann equation (EBE) 
or by Monte Carlo (MC) simulations.  
 

 
Fig. 1: Electron velocity distribution function components 
calculated for synthetic air at standard conditions and 
reduced electric field of 300 Td. The lines denote the 
temporally relaxed components after 10 ps and the circles 
are the spatially relaxed functions after 5 µm. 

Figure 1 shows results for the isotropic (f0) and 
first anisotropic (f1) component of the electron 
velocity distribution function (EVDF) normalized by 
the electron density ne obtained for E/N = 300 Td. 
The lines represent both these components after 10 
ps of the temporal electron relaxation determined 
from the solution of the EBE in multi-term 
approximation.  The symbols denote f0 and f1 
calculated for the spatial relaxation (in one 
dimension) of the electrons after a distance of 5 µm 
using the MC method. The EBE and MC results 
agree well and coincide as well with the 
corresponding steady-state electron distribution 
function components. Thus, equilibrium values are 
reached after 10 ps and 5 µm.  
 

LFA - relaxation of EVDF

Hoder, Loffhagen 2016 PSST

Other approach is the study of the
electron relaxation in time and
space for different reduced
electric field strengths E/N:

² lines represent f0, f1 after
10 ps of the temporal electron
relaxation (solution of the
electron Boltzman equation in
multi-term approximation).

² symbols denote f0, f1 for the
1D spatial relaxation of
electrons after a distance of
5 µm using the Monte Carlo
method.

EBE and MC results agree well and
coincide with the corresponding steady-
state electron distribution function
components è equilibrium values are
reached after 10 ps and 5 µm.
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points in the figure represent individual instants of the
streamer propagation. Generally, all points for each set are
ordered in time when seen from left to right. In other words,
points of given colour lying more on the left correspond to
the earlier phases of the streamer development. Clearly, a
linear trend can be observed for the set of “axial” values
(local emission from the axis of the propagating streamer).

Considering first the delays of peak densities of excited
states on the axis of the discharge, we see that no matter
what model or external field, all points fit a single line
(“axial”). Clearly, the ratio r/v is a key characteristic of a
streamer for discussing the excitation delay. Obviously, both
the delay and r/v are linked characteristics of the streamer
head geometry and thus connected to more fundamental fea-
tures of the streamer structure. On the other head, the so
called line-of-sight (LoS, i.e., intensity integrated through
the whole streamer diameter at selected x, r-coordinate)
delays dependence on r/v is a bit more complex. We see con-
vergence to a single path for the LoS points that correspond

to instants of early streamer development (points more on
the left for each set). For more developed streamers (points
more on the right of each set), a dispersion of the delays
obtained for various simulation conditions is observed.

Taking into account experimentally obtained values
from Trichel pulse corona discharge, i.e., for streamer
diameter of 2064 lm and its velocity approximately
6 ! 104 ms"1, a rough estimation of the expected SPS delay
can be made based on the theoretical results given in Fig. 9 .
The r/v value is then approx. 330 ps, which is consistent
with the experimentally obtained SPS delay value of 220
ps. Note that in the experiment the emission is projected
and integrated over the whole streamer diameter (direct
Abel transformation) at selected x-coordinate, while for
LoS emission the emission is integrated through the projec-
tion along single line-of-sight, which is passing streamer
axis (r¼ 0). To radially resolve the 40 lm thin streamer by
maintaining the high temporal resolution simultaneously is
over the possibilities for given setup.

FIG. 8. Time (space) evolution of the
axial densities of N2(C3Pu ),
Nþ2 (B2Rþu ), and N2(B3Pg) states and
electrons ne are shown in panel (a).
Source terms @nk=@t; Wk (line-of-
sight) intensities and normalized excita-
tion rates !%ex for all three excited states
are given in panel (b), (c), and (d),
respectively. In the panel (e), develop-
ment of x-component of the electric
field E and characteristic electron
energy e*¼D/l is shown. Full vertical
lines indicate positions of peak axial
values of the electric field (Emax) and
emission intensities (SPSmax, FNSmax,
and FPSmax). The delays marked by
horizontal arrows have values of 150 ps
(83 lm), 100 ps (55 lm), and 200 ps
(112 lm) for SPS, FNS, and FPS signal
maxima, respectively. Vertical dashed
line marks a position where a radially
resolved spectrum is analyzed in Sec.
IV C. The spatial and time coordinates
are linked via streamer velocity of
5! 105 ms"1.
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Zusammenfassung. Der vorliegende Text beschreibt kurz die Grundgleichungen, die verwendet
werden, um die mittleren Stoßfrequenz bzw. den mittleren totalen Stoßratenkoeffizienten zu
bestimmen. Die funktionale Abhängigkeit von der mittleren Energie der Elektronen wird für
das Edelgas Argon dargestellt für eine Verteilungsfunktion, die aus Lösung der räumlich
homogenen, stationären Boltzmanngleichung der Elektronen resultiert, und für eine Maxwellsche
Geschwindigkeitsverteilung der Elektronen.

1. Einleitung

Zur Auswertung von Mikrowellenmessungen in einem Argonplasma wird die mittlere Stoßfrequenz

für Elektron-Atom-Stoßprozesse benötigt. Die Stoßfrequenz für Impulsübertrag (durch elastische

und unelastische Stoßprozesse) ist gegeben durch den Ausdruck

νm(v) = NvQT(v) . (1)

Dabei ist N die Teilchendichte des Hintergrundgases, v = |v⃗| der Betrag der Geschwindigkeit

der Elektronen mit der Teilchendichte ne, QT der summarische (oder totale) Stoßquerschnitt. Die

Stoßfrequenz hängt ebenso wie QT von der Geschwindigkeit der Elektronen ab. Die zugehörige

mittlere freie Weglänge (der Elektronen), die ebenfalls von der Elektronengeschwindigkeit abhängt,

ist gegeben durch

λm(v) =
1

NQT(v)
. (2)

Ferner gilt für die Energiedissipationslänge die Relation [1]

λe(v) = λm(v)
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homogenen, stationären Boltzmanngleichung der Elektronen resultiert, und für eine Maxwellsche
Geschwindigkeitsverteilung der Elektronen.

1. Einleitung

Zur Auswertung von Mikrowellenmessungen in einem Argonplasma wird die mittlere Stoßfrequenz

für Elektron-Atom-Stoßprozesse benötigt. Die Stoßfrequenz für Impulsübertrag (durch elastische
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