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A nanosecond repetitively pulsed discharge in a quartz capillary filled with flowing synthetic 
air was investigated as a benchmark to address the mechanism of fast gas heating for conditions of 
up to complete dissociation of O2 and heating of a few thousand K occurring during the near 
afterglow phase. Electric current, electric field, gas temperature, energy deposition, and O atom 
concentrations were measured with respect to time. A 2-dimensional model was used to simulate 
discharge initiation and early breakdown, while a detailed 0D kinetic model was used to address 
the afterglow phase and fast gas heating. The high oxygen dissociation degree enables 
investigation of the key role played by O atoms in the fast gas heating chemistry. 

I.  Introduction 
ANOSECOND repetitively pulsed discharge plasmas are attractive for applications from plasma assisted 
combustion1 to aerodynamic flow control at high Mach number2. These attractive features include the low 

average power required to run such discharges (because of their pulsed nature) and their high energy efficiency to 
produce radicals and electronically excited species3 which in turn contribute to fast gas heating4. Fast gas heating 
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refers to a significant increase in gas temperature over a time shorter than the gas dynamic time, that would normally 
be required to obtain the same heating by purely mechanical means.  

Fast gas heating can enhance the rate of endothermic chemical reactions, leading to faster ignition of 
combustible mixtures even at low initial gas temperatures3. Fast gas heating is therefore useful in combustion 
enhancement techniques. Such gas heating may produce shock waves, perturb flow and prevent instabilities, even in 
high enthalpy flows, which motivates its use in aerodynamic flow control5. 

Fast gas heating, however, involves kinetic mechanisms that may be complex and which may vary depending on 
the conditions4. These conditions include the gas composition (including radicals and excited species from prior 
pulses), and the reduced electric field (E/N) which will determine the main channels through which the energy of the 
discharge will be deposited. 

In this paper, we will discuss the properties of capillary electrical discharges in which fast gas heating occurs 
based on experimental results and modeling. We found that processes during initiation of the discharge and the early 
breakdown phase are well explained by results from collaborative measurements and modeling. The experimental 
results for O atom concentrations in the post-discharge and predictions from detailed kinetic modeling also generally 
agree. 
 The experiment, including TALIF and actinometry diagnostics, will be described in Sec. II. Descriptions of the 
two numerical models that were used to simulate different aspects of the experiment are in Sec. III. These models 
are a 2D axisymmetric model used to simulate the fast ionization wave development and early breakdown and a 0D 
kinetic model used to predict O atom density in the post-discharge phase. Experimental and computational results 
are discussed in Sec. IV and our conclusions are in Sec. V. 

II.  Description of the Experiment 

A schematic of the experimental setup for electrical and spectroscopic measurements is shown in Fig. 1. The 
discharge is initiated in a quartz capillary tube, 1.5 mm in diameter and 80 mm in length. The capillary is filled with 
flowing synthetic air at a pressure 13-30 mbar with a 50 sccm rate, insuring efficient gas renewal between pulses. 
The discharge takes the form of a fast ionization wave (FIW), followed by an energy deposition phase, during which 
a spatially uniform reduced electric field (E/N ≈150-300 Td, 1 Td = 10-17 V-cm2) coexists with a high electric 
current of about 70-100 A. The voltage pulse (29 ns FWHM, 9.8 kV amplitude, and 4 ns rise time) is supplied by a 
FID FPG 10-MKS20 high voltage generator through a 25 m coaxial RG213 cable. Three pulses separated by 250 ns 
are incident on the capillary tube due to successive reflections between the generator and the discharge assembly.  

The discharge tube is terminated by two metal pin-shaped electrodes connected to two cables. The cable from 
the generator is connected to the HV electrode. The other cable, connected to the LV electrode, is left unterminated. 
A delayed pulse one microsecond after initial breakdown is produced as this cable acts as a delay line. Both cables 
are 50 Ohm, which allows current and voltage profiles to be measured by Back Current Shunts (BCS). These shunts 
are located 12.5 m before and after the discharge assembly on the HV and delay cables. The discharge is surrounded 
by a grounded aluminum screen. The discharge geometry is coaxial, so that the voltage pulse can be transmitted 
from the HV cable to the delay cable, through the discharge capillary tube.  

Figure 1. Experimental setup. DT - Discharge tube; BCS - Back Current Shunt; TG - Triggering generator; HVG 
- High Voltage Generator; CP - Capacitive Probe; ICCD - Intensified CCD Camera; OSC - Oscilloscope; MC -
Monochromator 
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A capacitive detector, inserted in a slit of the upper screen, provides local voltage measurements above different 
regions of the tube which are then converted to electric field. For spectroscopy, the capacitive detector is replaced by 
a fiber optic mount to collect light. The spectral system consists of an Andor SR-303i monochromator, with an 
Andor DH734-18U-03 ICCD camera. The spectrometer is used both for temperature measurements - based on the 
rotational distribution of the N��C�Π�, 	 
 0� → N��B�Π�, 	 
 1� transition - and for actinometric measurements 
of O atom concentrations in the discharge. 

A. Electrical diagnostics 
Two types of electrical diagnostics are used in this discharge setup: two back current shunts, and a capacitive 

probe. 
The back current shunts (BCS) consist of arrays of identical low-inductance resistors, that replace the grounded 

outer conductor of a coaxial cable, in a 3 cm long section. The voltage drop is then measured across that array to 
obtain voltage and current profiles in the long high voltage cable in which the shunt is inserted. A detailed 
description of back current shunts can be found in Ref. 6. 

The capacitive detector is a divider that provides a direct measurement of the electric potential at its location and, 
by calibration, in the discharge tube. The probe consists of a metal tip, at floating potential, that protrudes from the 
grounded screen that shields the discharge. This tip is connected through a 400 pF coaxial capacitor to the 
oscilloscope. The detector can be slid along the slit providing measurements each mm above the discharge. A 
schematic and image of the capacitive detector are in Fig. 2. 

The electric potential measured at the detector is related to the potential at the discharge tube inner surface by 

�� 
 ���������
��������������� (1) 

� ! 
 �� "1 # $%&'($ ! ) #
1

*+,$ ! �� (2) 

� !�-� 
 . "���-� # 1
/ 0 ���-1�2-′

4
4567

) (3) 

    
Figure 2. a) Equivalent circuit of the capacitive probe. Upl: potential at the discharge tube inner surface; UA: 
potential of the capacitive detector tip; Cpl: capacitance of the detector tip/discharge tube ensemble; Cmeas: coaxial 
capacitor through which the signal is collected; R: impedance of the cable (50 Ohm), connecting the detector to a 50 
Ohm port of the oscilloscope. b) Discharge assembly, showing the capacitive probe. The capacitive probe is circled 
in blue. The aluminum tape that can be seen behind the discharge is part of the grounded screen. 

a) 

b) 
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with . = 1 # $%&'( $ !⁄  and / = ,�$%&'( # $ !�. The probe is calibrated as follows. The air plasma is replaced by a 
1 mm diameter copper wire connected to both the HV and LV electrodes. The rest of the system remains unchanged. 
A high voltage pulse is transmitted without significant loss from the HV to the LV electrode so that the potential at 
the surface of the wire is close to that provided by the generator. The two parameters . and / are then adjusted so 
that the signal produced by the capacitive probe closely corresponds to the values provided by the shunt probes. The 
end result is shown in Fig. 3. Detector signals 
at different axial locations are assembled to 
provide voltage profiles, and then 
differentiated to produce electric field. 

B. Actinometric measurements 
In order to measure O atom 

concentrations in our discharge, two 
techniques were used: actinometry, and two-
photon absorption laser induced fluorescence 
(TALIF). For the actinometry7-9, Argon was 
added to the synthetic air to a mole fraction of 
4%. Radiation from the Ar�2p=� → Ar�1s�� 
transition, at 750.4 nm and the O�3p�P� →O�3s�S� transition at 844.6 nm were 
compared. The signal was integrated in 
wavelength across the line width. A 590 nm 
long-pass filter was used to screen the second 
order of the powerful UV emission of the 
discharge. In order to convert this intensity 
ratio to absolute O atoms densities the 
following procedure was used.  

First, the rate equations for the excited 
Oxygen and Argon atoms are: 

 

2CO∗E
2- 
 F&GH&COE # FI&G H&CO�E # F&GJ K	� MH&CO� S	= �E # F&GJ N	� MH&CO� D	= �E P CO∗E

/G∗ P CO∗EQ FR,SG∗S CQSE (4) 

2CAr∗E
2- 
 F&UVH&CArE P CAr∗E

/UV∗ P CAr∗EQ FR,SUV∗S CQSE (5) 

 
Here F&W is the excitation rate constant from X state to O�3p P	� � in (4), and Ar�2p=� in (5); FI&G  is the dissociative 

excitation rate constant for molecular oxygen; FR,SW∗  is the quenching rate constant for species X∗ by species QS; H& is 
the electron density; and /W∗  is the radiation decay lifetime of species X∗. These equations can be rewritten as : 

 

2CO∗E
2- # CO∗E

/G∗ # CO∗EQ FR,SG∗S CQSE 
 F&GH&COE # FI&G H&CO�E # F&GJ K	� MH&CO� S	= �E # F&GJ N	� MH&CO� D	= �E (4') 

2CAr∗E
2- # CAr∗E

/UV∗ # CAr∗EQ FR,SUV∗S CQSE 
 F&UVH&CArE (5') 

ICG∗E
I4 # CG∗E

YZ∗ # CO∗E ∑ FR,SG∗S CQSE
ICUV∗E
I4 # CUV∗E

Y\]∗ # CAr∗E ∑ FR,SUV∗S CQSE 

F&GCOE # FI&G CO�E # F&GJ K	� MCO� S	= �E # F&GJ N	� MCO� D	= �E

F&UVCArE  (6) 

 
 
 

Figure 3. calibration of the capacitive probe, compared to 
incident and transmitted pulses. The calibration case 
corresponds to a metal wire connecting the two electrodes
replacing the air plasma. 
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The emission intensities are related to atomic densities by:  

^_`` 
 a_`` CO∗E /G∗⁄  (7) 

^bc7 = abc7 CO∗E /G∗⁄  (8) 

 
Where aWWW is the optical collection efficiency factor for wavelength XXX. The intensity here corresponds to a 

photon count. When inserting equations (7) and (8) into (6), we get: 
 

/d∗
/�e∗

abc7
a_``

Ifghh
I4 + fghh

YZ∗ + ^_`` ∑ FR,SG∗S CQSE
Ifijk
I4 + fijk

Y\]∗ + ^bc7 ∑ FR,SUV∗S CQSE
= F&GCOE + FI&G CO�E + F&GJ K	� MCO� S	= �E + F&GJ N	� MCO� D	= �E

F&UVCArE  (9) 

 

F&GCOE
F&UVCArE =

/d∗
/�e∗

abc7
a_``

Ifghh
I4 + fghh

YZ∗ + ^_`` ∑ FR,SG∗S CQSE
Ifijk
I4 + fijk

Y\]∗ + ^bc7 ∑ FR,SUV∗S CQSE
− FI&

G CO�E + F&GJ K	� MCO� S	= �E + F&GJ N	� MCO� D	= �E
F&UVCArE  (10) 

 
 

COE = F&UVCArE
F&G

/d∗
/�e∗

abc7
a_``

Ifghh
I4 + fghh

YZ∗ + ^_`` ∑ FR,SG∗S CQSE
Ifijk
I4 + fijk

Y\]∗ + ^bc7 ∑ FR,SUV∗S CQSE
− FI&

G CO�E + F&GJ K	� MCO� S	= �E + F&GJ N	� MCO� D	= �E
F&G  (11) 

 
This expression does not take into account the depletion of the O2 quencher for Argon, which is important because 
the Ar�2p=� state is not strongly quenched by molecular nitrogen. We also did not include excitation transfer 
between metastable Ar� P	� �,7� atoms and excited O�3p�P� atoms10, quenching of O�3p�P� and Ar�2p=� by atomic 
oxygen, and dependence of quenching rates on gas temperature. 

The concentrations of excited species are calculated using ZDPlasKin11. The reaction mechanism is based on 
Kossyi12. The detailed reaction mechanism and tuning of ZDPlasKin are described in Ref. 13. 

C. TALIF measurements 
In order to measure O atom densities later in the afterglow when optical emission is weak, TALIF measurements 

were made. When excited by 225.58 nm radiation (all wavelengths are given in air), an oxygen atom can absorb two 
photons and access the O(3p3P) excited state, from which it radiates to the O(3s3S) state by emitting one photon at 
844.6 nm. The intensity of this fluorescence is directly proportional to the local density of O atoms. To obtain an 
absolute value of the O atom concentration, a calibration is made by replacing the air plasma by xenon gas alone. 
When excited by 224.24 nm radiation, Xe emits light in the infrared (834.68nm). By comparing the TALIF signal 
from O atoms and from the known density of Xe, one can deduce the absolute concentration of O atoms. This 
procedure is discussed in Ref. 14. The procedure that was used to convert relative TALIF data points into absolute O 
atom densities in our configuration, was the same as described in detail in our previous paper15.  

 
1. Laser system and light collection optics 

A schematic of the TALIF experimental setup is in Fig. 4. A tripled Nd:YAG laser (355 nm) was used to pump a 
Coumarin 2 dye laser (peak efficiency at 450 nm) which was then doubled to obtain wavelengths around 225.58 nm 
(for O atoms) and 224.24 nm (for Xe atoms). The resulting beam was approximately 5 mm in diameter, its temporal 
FWHM was around 10 ns, and it was repeated at a frequency of 10 Hz. The beam energy was measured by an 
amplified energy meter, with sensitivity 1100 V/J, installed after the discharge tube. The laser energy inside the 
capillary was varied between 200 and 1 µJ by means of a variable attenuator. 
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An optical fiber placed above the discharge was used to collect the fluorescence light through a narrow bandpass 
filter, and was detected by a Hamamatsu R3896 red-sensitive photomultiplier tube (PMT) connected to a Lecroy 
WR64-Xi oscilloscope. The transmission of the optical fiber and bandpass filter were measured separately using an 
Energetiq EQ-99 LDLS calibration lamp.  

The laser controller is the synchronization master. The discharge takes place at a given delay before the laser 
light arrives. This delay is varied from 2200 ns before to 800 ns after the laser pulse, with a variability of ±20 ns, 
with rare events at ±200 ns due to the jitter in the HV nanosecond generator. Each time the laser is fired, the PMT 

registers a fluorescence time profile. In order to obtain absolute O atom concentrations at a given pressure and delay, 
the laser is then scanned in wavelength across the O�3p P	� � absorption line, thereby producing a series of 
fluorescence profiles. Each of these profiles is then integrated in time, and the resulting values are then integrated in 
wavelength to produce a relative TALIF data point. This data point is then calibrated by the measurements in Xe. 

Due to the small size, high curvature, and low UV quality of the quartz capillary in which the discharge takes 
place, special care needs to be taken in order to perform a TALIF measurement directly in the capillary. The 
experiment was made strongly out of focus (6 cm away from the focal point of a Suprasil lens with a 30 cm focal 
length) to prevent optical damage. Care was taken not to be in a configuration where light would focus somewhere 
inside the capillary walls. A simple 2D ray tracing program was used to estimate the trajectory of light rays in the 
capillary. Finally, as the laser beam becomes strongly divergent after crossing the capillary, part of the energy of the 
beam, especially the energy that was outside the 5 mm wide core, does not reach the energy meter. To compensate 
for this effect, the energy was also measured before the lens. The evolution of the ratio of the energy before and after 
the capillary was monitored to compensate any drift in the experiment. 

 
 
 
 

 
Figure 4. Experimental setup for the TALIF measurement. SHG/THG: Second/Third Harmonic Generation; 
TG: Triggering generator; HVG: High Voltage Generator; OSC: Oscilloscope; BCS: Back Current Shunt; DT: 
Discharge tube; EM: Energy meter; PS: Power supply; PMT: Photomultiplier; PC: Computer. 
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III.  Numerical modeling 

A. Description of the 2D model: FIW propagation and discharge development 
Two-dimensional (2D) simulations of the ns discharge dynamics in the capillary tube were performed using 

nonPDPSIM, a plasma hydrodynamics model with radiation transport16-17. Based on 2-d unstructured finite volume 
discretization, nonPDPSIM solves the transport equations for all charged species and Poisson’s equation for electric 
potential using a fully implicit Newton’s method. Updates of the charged particle densities and electric potential are 
followed by an implicit update of the electron temperature, Te, neutral particle densities, beam electron transport and 
neutral flow field properties using a modified version of the Navier-Stokes equations. In the present study, the 
plasma species included in model are the ground states of N2 and O2, the N2 vibrational states(v=1-8), 5 excited 
states (N2

* , O2
*, N2

** , N*, O*), 3 atomic states (N, O, O3) and 9 charged species (e, N2
+, O2

+, N+, O+, N4
+, O4

+, O2
-, O-

). The total number of electro-chemical reactions is about 180. To facilitate the propagation of the positive ionization 
wave, the photoionization of O2 by the UV flux from the radiating N2

** (Birge-Hopfield band, b1=Σ��, b=Π� → X=Σ��) 
was included with a cross-section varying between 1 to 5 × 10-16 cm2. Secondary electron emission from plasma 
bounding surfaces due to ion bombardment was also included with a secondary emission coefficient n = 	0.1. The 
secondary electron emission produced by photon bombardment was neglected for simplicity.  

The discharge configuration used in the 2-d model is based on the experimental setup but assumed to be 
axisymmetric. The geometry includes the high (HV) and low voltage (LV) electrodes, the grounded metal screen 
shield having a radius of 2.4 cm and the discharge capillary tube itself (quartz, εr= 4). The inner and outer diameters 
of the capillary are 0.15 cm and 0.34 cm, and the distance between HV and LV electrode tips is 8 cm. The capillary 
is filled with synthetic air (N2:O2=4:1) at 27 mbar and 300 K and forced gas flow is neglected. Note that because of 
the axisymmetric nature, the metal shield in the model is cylindrical instead of the two flat screens placed above and 
below the capillary in the experiments. A 20 kV voltage pulse of 35 ns length (about 6 ns rise time and 8 ns fall 
time) was applied to the HV electrode to initiate and sustain the discharges. The initial electron density was assumed 
to be [e] = 109 cm-3 uniformly distributed in the capillary to account for the residual electron density from prior 
pulses that occurs in the experiment. The total number of grid points was about 20,000, of which about 15,000 are 
distributed in the plasma zone with the mesh size varying between 50 µm and 100 µm. 

B. Description of the 0D detailed kinetic model: discharge, afterglow and O atom production 
A 0D global kinetic model was used to predict the density of O atoms generated by the discharge over the first 

two microseconds and the electric field within the plasma column. These predictions were then compared to 
experimental measurements based on TALIF and actinometry techniques. The model takes as input parameters: 

 
• The electric current density, calculated from the total electric current in the middle of the tube (at equal distance 

from the two electrodes) and the tube inner cross section (1.5 mm diameter) during the three main discharge 
pulses at 0, 250 and 500 ns. 
 

• The gas initial composition, N2/O2 = 80/20; temperature, 300 K; and initial gas density (based on the pressures 
of 24, 27 or 30 mbar). 
 

The model and reaction mechanism are described in detail in Ref. 4. The correlation of the calculated gas 
temperature with experimental measurements was demonstrated in Ref. 15. The primary reactions leading to the 
production and losses of O atoms are in Table 1. 
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IV.  Properties of FIWs through Capillaries in Synthetic Air 

A. Experimental results 
 

1. Discharge current, applied voltage, energy deposition 
The incident, reflected and transmitted voltage, obtained from the back current shunts are shown in Fig. 5.a. The 

corresponding HV and LV electrode voltages for three different pressures are in Fig. 5.b.. The transmitted currents 
collected by the LV electrode, as well as calculated current emitted by the HV electrode, are in Fig. 5.c.. Finally, the 
deposited energy is shown in Fig. 5.d. The energy deposition, W, is obtained from, 

 

p 
 q�r� 
 1
s0 �Stu�-′�2 − �e&v�-′�2

w

4 ′67
− �4e't(�-′�22-′,			r > 50	Hz (12) 

 
where s is the cable impedance (50 Ohm), q�-� is the energy deposition up to time -, and �Stu,e&v,4e't(�-� is the 
incident, reflected, or transmitted voltage. 

The voltage on the HV electrode corresponds to the sum of the incident and reflected pulses. The spatially 
averaged electric field, E(t), is then, 

 
{�-� = ��|}�-�−�~��-�� 2⁄  (13) 

 
where �|}�-� and ��}�-� are the voltages on the HV and LV electrodes on either sides of the capillary (shown in 
Fig. 5.b), and 2 is the distance between the electrodes (80 mm in this experiment). 

The current through the HV electrode is obtained by comparing the reflected pulse in the case when the HV 
electrode is covered by an insulating material, and the reflected pulse in the presence of the air plasma. The reflected 
current obtained with the plasma is subtracted from that obtained with the insulating material. 

 

 Reaction Coefficient (cm3/s) Ref 

(R1) e + O� → O� P	� � + O� P	� 	� σ1�E N⁄ � [18, 19] 

(R2) e + O� → O� P	� � + O� D	= 	� σ2�E N⁄ � [18, 19] 

(R3) N��A�Σ��� + O� → N��v� + 2O� P	� � 1.7x10�=� [12] 

(R4) N�JB�Π�M + O� → N��v� + 2O� P	� � 3.0x10�=7 [4, 12] 

(R5) N��a1=Σ��� + O� → N��v� + O� P	� � + 	O� D	= 	� 2.8x10�== [4, 12] 

(R6) N��C�Π�� + O� → N� + O� P	� � + O� D	= 	� 2.5x10�=7 [4, 12] 

(R7) N��A�Σ��� + O� P	� � → NO + N� S	̀ , D	� � 3.0x10�== [12, 15] 

(R8) N�JB�Π�M + O� P	� � → NO + N� S	̀ , D	� � 3.0x10�=7 [15, 20] 

(R9) N��C�Π�� + O� P	� � → NO + N� S	̀ , D	� � 3.0x10�=7 [15, 20] 

(R10) N��a′=Σ��� + O� P	� � → NO + N� S	̀ , D	� � 3.0x10�=7 [15, 20] 

(R11) N� D�	� + O� → NO+ O� P	� , D	= � 7.5x10�=� ∗ �T 300K⁄  [12] 

(R12) N� S	̀ � + NO → N� + O� P	� � 7.5x10�=� ∗ T0.5 [12] 

Table 1. Main reactions leading to the production and losses of O atoms in the discharge and post-
discharge. T is temperature (K). 
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 The difference between the two currents in Fig. 5.c can be explained by displacement current. Indeed, the 
current emitted by the HV electrode is calculated as a difference between the reflected current with no plasma and 
the reflected current with plasma in the discharge cell. This current consists of the conductivity current through the 
plasma and of the displacement current. While the FIW propagates along the tube, the conductivity current is low, 
and a significant portion of the displacement current returns to ground through the ground shield. This part of the 
signal corresponds to the low-current (10 A) step on the red curve. When the discharge gap is closed, the main 
current in the circuit is the conductivity current. At this stage, the current through HV and LV electrodes are almost 
equal. 

The energy deposition is maximum during the first two pulses with there being little energy deposition during 
the third pulse. The energy deposition corresponds to about 1 eV/molecule after the first pulse. 

 
2. Electric field 

The reduced electric field E/N, for pressures of 24, 27 and 30 mbar and Tgas = 300 K, and transmitted current are 
shown in Fig. 6. Current in the middle of the tube as used in the 0D calculations is given by the green curves. To 
obtain these waveforms, the current flowing between -10 and 0 ns through the HV electrode, shown in Fig. 5.c, was 
changed to a flat "step" having a 5 ns duration. This was done to simulate the current at equal distance from the HV 
and LV electrodes. A comparison between the electric field calculated from BCS data and from capacitive probe 
data is also in Fig. 6. Note that the electric field based on BCS measurements is necessarily spatially averaged. The 
spike at -3 ns for the electric fields corresponds to the passing of the FIW near the detector. The discharge between 5 
and 25 ns corresponds to the energy deposition phase with a high current and spatially uniform electric field. 

 

 

 
Figure 5. Properties of the FIWs. a) Incident, reflected and transmitted pulses registered by the BCS; b) voltage 
on HV electrode (incident+reflected pulses), and on LV electrode (transmitted pulse), for different pressures; c) 
Current collected by LV electrode (transmitted current), and current through the HV electrode (see text); d) energy
deposition. 

c) d) 

a) b) 
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3. O atoms density 
 
a) Actinometry 
The expression for O atom density provided by actinometry, Eq. (11) has four primary contributions:  

• A1: The ratio of the line intensities, taking into account quenching, natural lifetime, intensity derivative with 
respect to time, detector sensitivity, ratio of direct electron impact excitation coefficients, and Argon density; 

• A2: Dissociative excitation contribution: O� # e → O # O�3p P	� � # e; 

 

 
Figure 6. Experimental reduced electric field, transmitted current, and estimated current in the middle of the 
tube. a – 24 mbar, b - 27 mbar and c - 30 mbar. d) Comparison between BCS-based and capacitive probe-based 
electric field. 

  
Figure 7. a) Experimental data (green) and contributions of all secondary processes that need to be 
subtracted from the experimental data (in blue, black and red). b) experimental O atom concentration, 
compared to the ZDPlasKin model prediction. The reduced electric field is plotted for temporal reference. 

c) d) 

a) b) 

a) b) 
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• A3: Excitation of O�3p P	� � from O� S	= � metastable state by electron impact; 
• A4: Excitation of O�3p P	� � from O� D	= � metastable state by electron impact. 

The peculiarity of the actinometry in the nanosecond discharge is that the density of the O� S	= � and O� D	= � 
metastable atoms can be high enough to influence population-depopulation balance of the measured O�3p P	� � 
state21. If additional population of O�3p P	� � from the metastables is important, the standard actinometry technique 
cannot be used. An additional analysis has been made to determine the limits of application of actinometry 
technique under the given experimental conditions.  

Rate coefficients to estimate the input of the different processes (A1-A4) were calculated on the basis of the 
EEDF obtained from solution of Boltzmann equation in 2-term approximation in the given electric field using 
BOLSIG+ software. Then, kinetics of excited states was calculated, as discussed above, using ZDPlasKin code. The 
calculations were performed for the experimental profile of the electric field. Initial electron density was taken as a 
parameter of the calculations; it was demanded that the deposited energy during the pulse is equal for experiments 
and for the calculations. Contributions to the actinometry for �= - �` are shown in Fig. 7. As far as for five points 
within the interval 10-18 ns the conditions of the actinometry measurements are fulfilled, only these points were 
taken to calculate O-atoms density. The calculated O atom density is represented in Fig. 7.b together with 
experimental electric field and theoretical curve for O atom density calculated with the help of ZDPlasKin. In part 
IV.C, these results are compared with detailed 0D kinetic modeling. 

 
b) TALIF 
The dependence of the TALIF signal for O atom concentration vs laser energy was verified to be quadratic 

below the energy threshold of 150 µJ for O atoms and 10 µJ for Xe atoms. The wavelength-integrated signals of O 
and Xe atoms were compared to calculate the O atom concentration for a pressure of 27 mbar and a 2.2 µs delay 
after initial breakdown. The absolute values for other delays were then calculated taking into account the 
dependence of the calibration parameters on gas temperature. 

The gas temperature in the post-discharge, measured through rotational spectroscopy of the second positive 
system of N2, is shown in Fig. 8. The gas temperature increases during the first 2 µs to as high as 2000-2500 K. The 
O atom concentrations obtained by TALIF are shown in Fig. 9 for 27 mbar pressure and compared with actinometry 
results. Two cases are presented for quenching coefficients for O atoms being constant with gas temperature, or 

varying as �r 300�⁄ . The blue line corresponds to complete dissociation, where all O2 molecules from the initial 
gas mixture are converted to O atoms. It was assumed that the quenching of the O�3p P	� � state by O atoms is half 
that by O2 molecules. This results in there being no effect of O2 quencher depletion with increasing O atom density. 
The maximum error of the measurements is estimated to be 50%. The square root dependence fails at high 
temperatures, leading to measured values higher than the theoretical maximum of complete dissociation of O2.  

Figure 9. TALIF O atom data and actinometry results 
for 27 mbar pressure, and complete dissociation limit 
(total O atom density available from the gas initial 
composition and density). 

 
Figure 8. Gas temperature as a function of time 
after the initial discharge pulse. 
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B. Predictions of plasma properties from the 2D modeling 
Results of the 2-d modeling of the FIW discharge in the c

condition of 27 mbar. The electron 
impact ionization source Se at the 
FIW front and the electric potential 
φ are shown in Fig. 10 at t = 3.0, 5.6 
and 8.0 ns. The computational
domain shown here includes the 
tube wall (top) and part of the HV 
(left) and LV (right) electrodes. Note 
that the radial scale has been 
expanded by a factor of 18 so that 
detail in the capillary tube can be 
observed which would otherwise be 
obscured by the large aspect ratio of 
the capillary. The FIW front crosses 
the 8 cm distance between the 
electrodes in about 9 ns, which 
produces a mean wave speed around 
0.9 cm/ns or 9 × 108 cm/s. During its 
propagation, the structure of the 
ionization front does not 
significantly change and its peak 
remains on the axis. However, the 

Figure 11.The axial potential profiles 
(a) the tip of the capacitive probe in the experiments, r=12.7 mm, and (b) the inner surface of the capillary, 
r=0.75 mm. The two vertical dash lines mark the region between z = 22 and 42 mm from the HV tip where 
the electric field is measured in the experiments
numerical values, and d) based on experimental calibration as described in Se
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Predictions of plasma properties from the 2D modeling  
d modeling of the FIW discharge in the capillary are shown in Fig. 10

The electron 
at the 

FIW front and the electric potential 
0 at t = 3.0, 5.6 

al 
domain shown here includes the 
tube wall (top) and part of the HV 

Note 
as been 

expanded by a factor of 18 so that 
detail in the capillary tube can be 
observed which would otherwise be 

aspect ratio of 
The FIW front crosses 

the 8 cm distance between the 
electrodes in about 9 ns, which 

es a mean wave speed around 
During its 

propagation, the structure of the 
ionization front does not 

d its peak 
However, the 

1.The axial potential profiles φ(z) during the FIW discharge at t = 1- 9 ns at the radial loca
(a) the tip of the capacitive probe in the experiments, r=12.7 mm, and (b) the inner surface of the capillary, 

l dash lines mark the region between z = 22 and 42 mm from the HV tip where 
the electric field is measured in the experiments. Experimental curves are shown in c) scaled to match 
numerical values, and d) based on experimental calibration as described in Sec. II. 

c) 

d) 

Figure 10. The electron impact ionization rate Se and the electric 
potential φ at t=3.0, 5.6 and 8.0 ns during the FIW
capillary. The high and low voltage electrodes are located at the left and 
right ends of the tube and the top is the dielectric tube wall. Contours are
on a log scale over 4 decades. 

apillary are shown in Fig. 10-13 for the experimental 

 
9 ns at the radial locations of 

(a) the tip of the capacitive probe in the experiments, r=12.7 mm, and (b) the inner surface of the capillary, 
l dash lines mark the region between z = 22 and 42 mm from the HV tip where 

Experimental curves are shown in c) scaled to match 

The electron impact ionization rate Se and the electric 
 at t=3.0, 5.6 and 8.0 ns during the FIW discharge in the 

The high and low voltage electrodes are located at the left and 
right ends of the tube and the top is the dielectric tube wall. Contours are
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magnitude of the peak Se increases from 3.4 × 1024 cm-3 s-1 near the HV electrode to 1.4 × 1025 cm-3 s-1 near the LV 
electrode. This increase results partly because the voltage on the HV electrode rises between t = 0-6 ns, which 
produces a small region of additional ionization near the HV electrode at t = 5.6 ns. The increase is also partly a 
result of the decreasing distance between the FIW front and the LV electrode, which produces a continuously 
increasing electric field in front of the FIW as the LV electrode is approached. This latter effect can be seen from the 
tight clustering of the potential contour lines in front of 

the FIW at t = 8.0 ns. 
To make comparisons with the experiments, the 

electric potential φ(z) as a function of the axial distance z 
(measured from the HV tip) is plotted in Fig. 11 at times 
t= 1- 9 ns. Values are shown at two radial locations, a) the tip of the capacitive probe, r = 1.27 cm, and b) the inner 
surface of the capillary, r = 0.075 cm. During the FIW propagation, the shapes of the φ(z) profiles at the probe 
location are quite similar to the scaled experimental profiles shown in c). Note that the times in Fig. 11.c were 
shifted to match the numerical timestamps. The profiles are rather smooth and lack sharp gradients. If one estimates 
the peak reduced electrical field using φ(z) at t = 5 ns and between z = 2.2 and 4.2 cm (the two vertical dash lines) as 
in the experiments, E/N is about 150 Td. Taking into account the scaling factor for potential (~ 4.8) between Fig. 
11.c and Fig. 11.d, this corresponds to a peak E/N ≈ 720 Td, which is close to the measured peak E/N value in Fig. 
6.b (around t = -3.6 ns). This agreement suggests that the FIW dynamics captured by the present 2-D modeling are 
consistent with those in the experiments.  

While in the experiments, φ(z) profiles along the inner capillary surface need to be inferred from the capacitive 
probe measurements, they can be obtained directly in the simulations as shown in Fig. 11.b. Compared to φ(z) at the 
position of the probe, besides the different amplitudes, the primary difference between φ(z) at the two radii is that 
the φ(z) profiles on the inner surface show sharper gradient in potential moving from left to right. These sharp 
gradients correspond to the instantaneous axial locations of the FIW. If we again estimate the peak E/N in the same 
region between z = 2.2 and 4.2 cm directly using the φ(z) in Fig. 11b (without the scaling factor), the average E/N is 

Figure 12.The instantaneous axial (a) and radial (b) 
electric fields Ez and Er and the electron density ne
(c) at the FIW front at t = 5 ns. Contours are on a log 
scale over 4 decades for ne.  

 
Figure 13.The voltage pulse and transmitted 
current of the FIW capillary discharge (a), and the 
time dependences of potential and electric fields on 
the tube axis (b) and the inner surface (c) at z = 32 
mm from the HV electrode tip.  
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about 800 Td, which is only slightly higher than the experimental value. We note the maximum E/N in this region at 
the leading edge of the FIW is about 2000 Td. However, given the fast speed of the FIW and the finite spatial and 
temporal resolution of the capacitive probe, the averaged E/N value is probably a more useful quantity to compare 
with the experiments.  

The lack of sharp gradients for the potential curves at the location of the probe is not unexpected. From a 
physical point view, inside the capillary tube the FIW front separates an ionized, conductive region behind the FIW 
from the neutral, non-conductive region in front of the FIW. The potential inside the conductive channel is 
essentially the HV potential (minus the voltage drop due to the plasma resistivity). A large voltage drops occurs 
across the FIW. At the location of the probe, there is no such separation since the ambient air remains neutral and 
acts simply as a dielectric. From a computational viewpoint, there is a large contribution of space charge inside the 
capillary to the Poisson’s equation which is capable of producing sharp potential gradients, while at the probe 
location, the lack of space charge reduces the Poisson’s equation to a homogeneous Laplace equation, which tends 
to produce smooth solutions.  

To better characterize the structure of the FIW, the axial and radial electric fields Ez and Er, and the electron 
density ne are shown in Fig. 12 at t = 5 ns. While Ez at the inner surface is about 20 kV/cm, its peak value on the axis 
is much higher, about 45 kV/cm. Slightly behind the FIW front, there is a narrow and elongated region near the wall 
where the radial electric field Er reaches its peak, round 100 kV/ cm, much higher than that of Ez as a consequence 
of wall charging and sheath formation. The high Er in this region may be understood from the spatial profile of ne. 
The plasma channel that occupies the central region of the capillary has a high electron density ne = 5.4 × 1014cm-3, 
and high conductivity. As a result, the electric potential within the plasma column is close to the HV voltage. So 
there exists a large potential difference in the radial direction between outer edge of the plasma channel and the wall 
of the tube, culminating in the sheath, which results a large Er.  
 

The computed time dependence of the transmitted current, and the axial and radial electric fields at z = 3.2 cm on 
the tube axis and the inner surface of the wall are shown in Fig. 13. The computed current has a similar shape to that 
found in the experiments as shown in Fig. 6. The peak value of around 90 A also compares favorably with the 
measurements. As in Fig. 6, there are two small peaks in the computed current around t = 8.5 ns and 10.5 ns. The 
first peak represents the arrival of the FIW front at the LV electrode while the second peak is the return strike, in 
which the LV electrode launches a secondary ionization wave that travels backward towards the HV electrode with a 
high speed inside the already formed plasma channel. The closing of the gap by the forward FIW and the return 
strike are also reflected on the potential traces as the two dips in Fig. 13.b and 13.c around the same times. The 
potential curves at the axis and the inner surface of the tube are nearly identical, because the high electron density 
spreads the electric potential across the capillary radius. On the other hand, the electric fields at these two locations 
have different characteristics. On the axis, only Ez exists and its maximum value is about 7000 Td. The narrow 
width (in time) of Ez results from both the thinness of the FIW front as well as its high speed. On the inner surface, 
Ez is smaller and around 2500 Td with a similar shape as that on the axis. The radial electric field Er is, however, 
much higher, about 10,000 Td, and has much wider extent, which corresponds to the larger axial extension of the 
high Er region as shown in the Fig. 12. 

C. 0D kinetic model results 
 The electrical current shown in Fig. 6 was used as input data to the 0d kinetics model, together with the 

parameters that were discussed in part III.B. The resulting reduced electric fields are shown in Fig. 14. There is good 
agreement for 24 and 27 mbar, while for 30 mbar the experimental data are somewhat higher than the results from 
the model. The shape of the electric field is in very good agreement with the electric field observed in the 
experiments. The first 1-2 nanoseconds correspond to the FIW front. At this stage, the field is spatially non-uniform 
and the 0D model reaches its lower bound in time for applicability. The low values of the electric field between 2 
and 7 ns correspond to the discharge propagation phase, when the two electrodes are not yet connected by 
conduction current, and the fast ionization wave propagates towards the LV electrode. During this phase, a low 
(10 A) current is maintained through the 
tube section. The second peak, near 
10 ns corresponds to the high current 
stage when the majority of the energy 
deposition occurs. 

Results for energy deposition, 
calculated from experimental or 
numerical data, are shown in Table 2. In 

 Pressure 24 mbar 27 mbar 30 mbar 
Model, IxE 14.6 mJ 14.6 mJ 13.6 mJ 
Exp, BCS 14.7 mJ 14.6 mJ 13.9 mJ 
Exp, IxE 14.8 mJ 15.2 mJ 15.1 mJ 

Table 2. Deposited energy, computed from experimental and 
numerical values 
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the experiments, two approaches were used. The first simply consisted in integrating the IxE product. Here, the 
experimental values of the current were taken from the back current shunt measurements, and the experimental 
values of the electric field were obtained by the calibrated capacitive probe, as described above. In the second 
method, the difference in integrals of incident and reflected current pulses measured in the cable were used taking 
into account the transmitted current. All of these signals were obtained from the BCS detectors, as described in Sec. 
II. The experimental BCS-based and numerical energy inputs agree very well. As such, the experimental E field for 
30 mbar may have been overestimated. 

 The O atom density, calculated by the 0D model, is plotted in Fig. 15 and compared to both actinometry and 
TALIF values. There is good agreement between the calculations and the actinometry measurements during the 
discharge in the first pulse. This agreement validates the high dissociation degree obtained numerically after the first 
pulse. 

 A distinctive feature of the experiments presented in Fig.15 is that already after the first pulse the O-atoms 
density is extremely high. Reactions (R8,R9) were for the first time proposed in Ref. 15 to explain the dynamics of a 
fast gas heating of N2:O2 mixture at high degree of dissociation of molecular oxygen: 

 
N�JB�Π�M # O� P	� � → NO # N� S	̀ , D	� � (R8) 

N��C�Π�� # O� P	� � → NO # N� S	̀ , D	� � (R9) 
 

Rate constants of these reactions were proposed using the analysis of the experimental data on N��A�Σ��, 	 
 7� 
quenching by atomic oxygen22 and were taken to be k ≈ 7.5⋅10-11 cm3/s. In a later paper20, higher values of the rate 

constants, k8 = k9 = 3⋅10-10 cm3/s, were suggested on the basis of O(3P), N(4S) and NO densities, measured in the 
afterglow of a pulsed nanosecond discharge in air at P = 100 Torr. In the present calculations, data suggested in Ref. 
20 were used (see Table 1). 

 

 
Figure 14. Reduced electric field calculated from the 0D kinetic model, compared to experiment. a) 24 mbar; 
b) 27 mbar; c) 30 mbar. 

a) b) 

c) 
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To underline the importance of quenching of excited nitrogen molecules by atomic oxygen, Fig.15 b gives the 
results of calculations of O-atoms density for two cases: taking into account reactions (R8, R9, R10), curve 1; and 
without taking into account the aforementioned reactions, curve 2. Densities of N(4S), NO, and summary density of 
electronically excited states of molecular nitrogen, N�JB�Π�M # N��C�Π�� are also given. With increase of O-atoms 

density, quenching of excited nitrogen molecules, N��A�Σ���, N�JB�Π�M, N��C�Π�� and N��a′=Σ��� takes place by 
O-atoms, producing N(4S, 2D) atoms and NO molecules. So, the O2 dissociation via collisions with excited nitrogen 
molecules becomes less efficient and O atom density decreases in comparison with O atom density calculated 
without reactions (R8, R9, R10). As seen from Fig. 15, taking into account reactions (R8, R9, R10), allows to obtain 
an agreement between the calculation results and the measurements at t = 210 and 460 ns.  However, the temporal 
behavior of the O-atom density vs time is more sharp in the experiments than in the calculations. The high value for 
TALIF measurements at 1-2 µs can be caused by an overestimate of quenching coefficients (as the temperature, and 
hence the uncertainty in quenching values, rises with time).  

V. Conclusions 
Development of a fast ionization wave in a capillary tube in air at moderate pressure (20-30 mbar) was 

experimentally and numerically investigated. FIW influence on the gas mixture has been analyzed on the basis of 
measurements and numerical calculations of plasma parameters and density of atomic oxygen in the discharge and 
in the afterglow.  

Electrical current, electric field and spatial distribution of the electric potential were compared to predictions 
from a 2D axisymmetric model describing plasma initiation and breakdown on a 20 ns time scale. Both 
experimental measurements and numerical calculations produce similar values of the FIW front velocity, about 
1 cm/ns, and similar shapes and values of the electrical current, about 80-90 A at the peak. The 2D numerical 
modeling describes the detailed fast ionization wave front structure, as well as the smoothing of the potential 
observed in the local electric potential measurement produced by the capacitive probe. In addition, the results from 
this simulation provide some insight in the early phase, spatially inhomogeneous plasma parameters. 

Measured values of electrical current were taken as a basis for the 0D kinetic modeling, taking into account the 
kinetics of excited species in the discharge and afterglow, and a fast energy release due to relaxation of 
electronically excited atoms and molecules, so called fast gas heating. There was good agreement between the 
calculated and measured values of longitudinal electric field behind the breakdown front and with O atom density. 
The main distinctive feature of FIWs in capillary tubes is the high energy density at relatively high electric fields. 
This results in an efficient excitation of electronic levels and dissociation via electronically excited levels. High 
atomic oxygen density is a good indication of the efficiency of these processes. Ar actinometry and TALIF produced 
O atom densities that are in reasonable agreement with the 0D model based on absolute values. 

 

  
Figure 15. �� �	� � atom density, and other main species, calculated by the 0D model, compared to 
experimental data. a) first pulse and early post-discharge, with actinometry measurements; b) 2 µs time 
scale, with TALIF measurements. Note: for TALIF values, the �r/300� approximation was used for quenching 
coefficient behavior with temperature. 
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