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A nanosecond repetitively pulsed discharge in atquzpillary filled with flowing synthetic
air was investigated as a benchmark to addresnélzhanism of fast gas heating for conditions of
up to complete dissociation of,@nd heating of a few thousand K occurring during tear
afterglow phase. Electric current, electric fielhs temperature, energy deposition, and O atom
concentrations were measured with respect to thn2-.dimensional model was used to simulate
discharge initiation and early breakdown, whileedailed OD kinetic model was used to address
the afterglow phase and fast gas heating. The Higigen dissociation degree enables
investigation of the key role played by O atomhie fast gas heating chemistry.

[. Introduction

Downloaded by University of Michigan - Duderstadt Center on December 13, 2017 | http://arc.aiaa.org | DOI: 10.2514/6.2014-1030

ANOSECOND repetitively pulsed discharge plasmas atteactive for applications from plasma assisted
combustion to aerodynamic flow control at high Mach nunfbéfhese attractive features include the low

average power required to run such discharges (secaf their pulsed nature) and their high enefjgiency to
produce radicals and electronically excited spéaigsich in turn contribute to fast gas heafingast gas heating
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refers to a significant increase in gas temperatueg a time shorter than the gas dynamic time wioalld normally
be required to obtain the same heating by purelghaeical means.

Fast gas heating can enhance the rate of endothesh@mical reactions, leading to faster ignition of
combustible mixtures even at low initial gas terapereS. Fast gas heating is therefore useful in combuistio
enhancement techniques. Such gas heating may gretiock waves, perturb flow and prevent instaéditieven in
high enthalpy flows, which motivates its use incaigmamic flow control

Fast gas heating, however, involves kinetic meamasithat may be complex and which may vary depgnatin
the conditiond These conditions include the gas compositionl(iing radicals and excited species from prior
pulses), and the reduced electric field (E/N) whigh determine the main channels through whichéhergy of the
discharge will be deposited.

In this paper, we will discuss the properties gbitary electrical discharges in which fast gasth@noccurs
based on experimental results and modeling. Wedidhiat processes during initiation of the dischamge the early
breakdown phase are well explained by results fecoltaborative measurements and modeling. The exyetal
results for O atom concentrations in the post-disgh and predictions from detailed kinetic modelisp generally
agree.

The experiment, including TALIF and actinometryghastics, will be described in Sec. Il. Descriptiaf the
two numerical models that were used to simulatiexifit aspects of the experiment are in Sec. HesE models
are a 2D axisymmetric model used to simulate theifmization wave development and early breakdamne a 0D
kinetic model used to predict O atom density in plst-discharge phase. Experimental and computdtiesults
are discussed in Sec. IV and our conclusions agem V.

II. Description of the Experiment
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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

A schematic of the experimental setup for electrézad spectroscopic measurements is shown in Fighé
discharge is initiated in a quartz capillary tubd mm in diameter and 80 mm in length. The capjilia filled with
flowing synthetic air at a pressure 13-30 mbar vaitBO sccm rate, insuring efficient gas renewalvbeh pulses.
The discharge takes the form of a fast ionizatiewev(FIW), followed by an energy deposition phakging which
a spatially uniform reduced electric field (EAL50-300 Td, 1 Td = I V-cm? coexists with a high electric
current of about 70-100 A. The voltage pulse (2FWHM, 9.8 kV amplitude, and 4 ns rise time) is gligd by a
FID FPG 10-MKS20 high voltage generator througtbar2coaxial RG213 cable. Three pulses separat&bdyns
are incident on the capillary tube due to successsflections between the generator and the digetessembly.

The discharge tube is terminated by two metal peped electrodes connected to two cables. The &aivte
the generator is connected to the HV electrode.dfher cable, connected to the LV electrode, isurferminated.
A delayed pulse one microsecond after initial bdeakn is produced as this cable acts as a delayHioth cables
are 50 Ohm, which allows current and voltage pesfto be measured by Back Current Shunts (BCSkeTsieunts
are located 12.5 m before and after the dischagenably on the HV and delay cables. The dischargarrounded
by a grounded aluminum screen. The discharge gegrnisetoaxial, so that the voltage pulse can bestratted
from the HV cable to the delay cable, through tiselthrge capillary tube.
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A capacitive detector, inserted in a slit of thep@ipscreen, provides local voltage measurementseattifferent
regions of the tube which are then converted totetefield. For spectroscopy, the capacitive d&tets replaced by
a fiber optic mount to collect light. The spectsgistem consists of an Andor SR-303i monochromatih an
Andor DH734-18U-03 ICCD camera. The spectrometersisd both for temperature measurements - baséukeon
rotational distribution of thé,(C3I,,v = 0) — NZ(B3Hg,v = 1) transition - and for actinometric measurements
of O atom concentrations in the discharge.

A. Electrical diagnostics

Two types of electrical diagnostics are used is tlischarge setup: two back current shunts, arapaciive
probe.

The back current shunts (BCS) consist of arrayisieftical low-inductance resistors, that replaae ghounded
outer conductor of a coaxial cable, in a 3 cm Isegtion. The voltage drop is then measured achzgsatray to
obtain voltage and current profiles in the longhhigpltage cable in which the shunt is inserted. &aded
description of back current shunts can be fourideh 6.

The capacitive detector is a divider that providekrect measurement of the electric potentiaisdbication and,
by calibration, in the discharge tube. The probesigis of a metal tip, at floating potential, tpabtrudes from the
grounded screen that shields the discharge. Thissticonnected through a 400 pF coaxial capacitothe
oscilloscope. The detector can be slid along titepsbviding measurements each mm above the digehak
schematic and image of the capacitive detectomnarey. 2.

The electric potential measured at the detectml#ed to the potential at the discharge tuberisndace by

T O
Gallioncops -

~ . - ~ Z X
Figure 2. a) Equivalent circuit of the capacitive pobe. Uy potential at the discharge tube inner surface; Up:
potential of the capacitive detector tip; Cy: capacitance of the detector tip/discharge tube ensemble; Cp.s: 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 prob&he capacitive probeis circled
in blue. The aluminum tape that can be seen behind the dischargeis part of the grounded screen.
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With @ =1 + Cpeqs/Cpr @NAT = R(Crneqs + Cpy)- The probe is calibrated as follows. The air plassreplaced by a
1 mm diameter copper wire connected to both theaH¥ LV electrodes. The rest of the system remaichanged.
A high voltage pulse is transmitted without sigesiint loss from the HV to the LV electrode so theg potential at
the surface of the wire is close to that providgdhe generator. The two parameterandr are then adjusted so
that the signal produced by the capacitive probeatly corresponds to the values provided by thatgmobes. The
end result is shown in Fig. 3. Detector signal<

at different axial locations are assembled — Incident pul
provide voltage profiles, and ther 10000+ ncident pu'se
differentiated to produce electric field.

Transmitted pulse
Capacitive probe

8000 -
calibration case

tau=28 ns

B. Actinometric measurements

In order to measure O aton
concentrations in our discharge, tw
techniques were used: actinometry, and tw
photon absorption laser induced fluorescen
(TALIF). For the actinometry?, Argon was ‘
added to the synthetic air to a mole fraction ] |
4%. Radiation from the\r(2p,) — Ar(1s,) 2000 + |
transition, at 750.4 nm and th&3p3P) — ] /
0(3s3S) transition at 844.6 nm were 0 e’ s
compared. The signal was integrated ] |
wavelength across the line width. A 590 ni ; T y T y T y T ; J
long-pass filter was used to screen the secc .
order of the powerful UV emission of th Time, ns
discharge. In order to convert this intensiFigure 3. calibration of the capacitive probe, comared to
ratio to absolute O atoms densities ttincident and transmitted pulses. The calibration case
following procedure was used. corresponds to a metal wire connecting the two electrodes

First, the rate equations for the excitereplacing theair plasma.
Oxygen and Argon atoms are:
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HerekZ is the excitation rate constant frafrstate to0(3p>P) in (4), andAr(2p,) in (5); k3, is the dissociative
excitation rate constant for molecular oxygké_*; is the quenching rate constant for spe&ieby specie®);; n, is
the electron density; ang- is the radiation decay lifetime of specks These equations can be rewritten as :
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The emission intensities are related to atomicitdeady:
Igas = Cgas [07]/ 70> (7)
Iz50 = €750 [07]/ 70 (8)

Wherecxxx is the optical collection efficiency factor for welengthXXX. The intensity here corresponds to a
photon count. When inserting equations (7) andn{®) (6), we get:

Algas | Igas 1 1
Tor Crso ae T age T loas Tk 101 k(0] + kg, [0,] + K2V [0(8)] + kP[0 D)]
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0 dl I r* 0
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This expression does not take into account theetiepl of the @ quencher for Argon, which is important because
the Ar(2p,) state is not strongly quenched by molecular ngrogWe also did not include excitation transfer
between metastabler(®P,,) atoms and excite@(3p3P) atoms’, quenching o0 (3p3P) andAr(2p,) by atomic
oxygen, and dependence of quenching rates on ggetature.

The concentrations of excited species are calalilaging ZDPlasKilt. The reaction mechanism is based on
Kossyt?. The detailed reaction mechanism and tuning of IABRin are described in Ref. 13.

C. TALIF measurements

In order to measure O atom densities later in ftezgiow when optical emission is weak, TALIF measuents
were made. When excited by 225.58 nm radiationiallelengths are given in air), an oxygen atomaizsorb two
photons and access the Of@pexcited state, from which it radiates to the €%} state by emitting one photon at
844.6 nm. The intensity of this fluorescence iedlily proportional to the local density of O atoriie. obtain an
absolute value of the O atom concentration, a K&lin is made by replacing the air plasma by xegas alone.
When excited by 224.24 nm radiation, Xe emits lighthe infrared (834.68nm). By comparing the TALdignal
from O atoms and from the known density of Xe, @ae deduce the absolute concentration of O atoimis. T
procedure is discussed in Ref. 14. The procedatenths used to convert relative TALIF data points iabsolute O
atom densities in our configuration, was the saswéescribed in detail in our previous pdper

1. Laser systemand light collection optics

A schematic of the TALIF experimental setup is ig.FB. A tripled Nd:YAG laser (355 nm) was usegtonp a
Coumarin 2 dye laser (peak efficiency at 450 nmictvlivas then doubled to obtain wavelengths arol58 nm
(for O atoms) and 224.24 nm (for Xe atoms). Thelltegy beam was approximately 5 mm in diameterigtaporal
FWHM was around 10 ns, and it was repeated atquémcy of 10 Hz. The beam energy was measured by an
amplified energy meter, with sensitivity 1100 Vildstalled after the discharge tube. The laser gnigjde the
capillary was varied between 200 and 1 uJ by mefasvariable attenuator.
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An optical fiber placed above the discharge wasl tigeollect the fluorescence light through a narbandpass
filter, and was detected by a Hamamatsu R3896 eadiive photomultiplier tube (PMT) connected tk.ecroy
WR64-Xi oscilloscope. The transmission of the agitftber and bandpass filter were measured sepganaeng an
Energetig EQ-99 LDLS calibration lamp.

The laser controller is the synchronization masiée discharge takes place at a given delay befardaser
light arrives. This delay is varied from 2200 nddoe to 800 ns after the laser pulse, with a valitglof +20 ns,
with rare events at200 ns due to the jitter in the HV nanosecond gaper Each time the laser is fired, the PMT

Dye laser X
PC 448-a51 nm[ [SHE[ &
— J_ Variable Xe: 224.24 nm
attenuator o -
. NA:-YAG 0O: 225.58 nm
Sync signal laser -
THG ||aser Dower Fused silica lens
TG 355nm|  control f=30cm
. 25 m ;-/ 100 m
HVG RS C} 11 = /—6
NC_or
0SC BCS Grounded screen Optical
o fiber
PS1 EM] | Filter
PMT PS2

Figure 4. Experimental setup for the TALIF measurenent. 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.

registers a fluorescence time profile. In ordeoltain absolute O atom concentrations at a giveagure and delay,
the laser is then scanned in wavelength acrossO3@3P) absorption line, thereby producing a series of
fluorescence profiles. Each of these profiles entmtegrated in time, and the resulting valuestaea integrated in
wavelength to produce a relative TALIF data polriis data point is then calibrated by the measuntsria Xe.

Due to the small size, high curvature, and low Waldy of the quartz capillary in which the dischartakes
place, special care needs to be taken in orderetfonm a TALIF measurement directly in the capiflaifhe
experiment was made strongly out of focus (6 cmyafn@n the focal point of a Suprasil lens with a & focal
length) to prevent optical damage. Care was takeranbe in a configuration where light would foc@mewhere
inside the capillary walls. A simple 2D ray tracipgpgram was used to estimate the trajectory it ligys in the
capillary. Finally, as the laser beam becomes gtyodivergent after crossing the capillary, partleé energy of the
beam, especially the energy that was outside timenSwide core, does not reach the energy meter.ohpensate
for this effect, the energy was also measured beafar lens. The evolution of the ratio of the epdrgfore and after
the capillary was monitored to compensate any rifbe experiment.
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[ll.  Numerical modeling

A. Description of the 2D model: FIW propagation and décharge development

Two-dimensional (2D) simulations of the ns discleadynamics in the capillary tube were performedgisi
nonPDPS M, a plasma hydrodynamics model with radiation tranp*’. Based on 2-d unstructured finite volume
discretizationnonPDPS M solves the transport equations for all chargedispeand Poisson’s equation for electric
potential using a fully implicit Newton’s method pdates of the charged patrticle densities and equobtential are
followed by an implicit update of the electron tesmgture,Te, neutral particle densities, beam electron trarisgod
neutral flow field properties using a modified viers of the Navier-Stokes equations. In the prestatly, the
plasma species included in model are the grountdsstaf N and Q, the N vibrational states(v=1-8), 5 excited
states (M, O,, N, , N, O), 3 atomic states (N, O,gpand 9 charged species N,", O,", N*, 0", N,", O,", O,, O
). The total number of electro-chemical reactianabiout 180. To facilitate the propagation of thsifive ionization
wave, the photoionization of @y the UV flux from the radiating N (Birge-Hopfield bandb''x}, b'Il, — X'2f)
was included with a cross-section varying betweean  x 10" cn. Secondary electron emission from plasma
bounding surfaces due to ion bombardment was atdaded with a secondary emission coefficigrt 0.1. The
secondary electron emission produced by photon bontient was neglected for simplicity.

The discharge configuration used in the 2-d modebased on the experimental setup but assumed to be
axisymmetric. The geometry includes the high (Hv)l dow voltage (LV) electrodes, the grounded metaken
shield having a radius of 2.4 cm and the dischaggdllary tube itself (quartz,= 4). The inner and outer diameters
of the capillary are 0.15 cm and 0.34 cm, and thtadce between HV and LV electrode tips is 8 chre Tapillary
is filled with synthetic air (M¥O,=4:1) at 27 mbar and 300 K and forced gas floweiglected. Note that because of
the axisymmetric nature, the metal shield in theleh@s cylindrical instead of the two flat scregaced above and
below the capillary in the experiments. A 20 kV tegle pulse of 35 ns length (about 6 ns rise tinte &ms fall
time) was applied to the HV electrode to initiatel austain the discharges. The initial electrorsitgmvas assumed
to be [e] = 18 cm® uniformly distributed in the capillary to accoufior the residual electron density from prior
pulses that occurs in the experiment. The totalbemof grid points was about 20,000, of which abti000 are
distributed in the plasma zone with the mesh saging between 50 um and 100 pum.

B. Description of the OD detailed kinetic model: dischrge, afterglow and O atom production

A 0D global kinetic model was used to predict tlemglty of O atoms generated by the discharge dnefitst
two microseconds and the electric field within thlesma column. These predictions were then comptoed
experimental measurements based on TALIF and awgihy techniques. The model takes as input paramete

» The electric current density, calculated from th@ltelectric current in the middle of the tubedgqual distance
from the two electrodes) and the tube inner cressian (1.5 mm diameter) during the three main lthsge
pulses at 0, 250 and 500 ns.

» The gas initial composition, D, = 80/20; temperature, 300 K; and initial gas dgndiased on the pressures
of 24 27 or 30 mbar).

The model and reaction mechanism are describecetaildn Ref. 4. The correlation of the calculatgas
temperature with experimental measurements was niginated in Ref. 15. The primary reactions leadmdghe
production and losses of O atoms are in Table 1.
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Reaction Coefficient (ci¥s) Ref
(R1) e+0, > 0(3P) + 0(3P) 0,(E/N) (18, 19]
(R2) e+0, - 0(P)+0('D) 5, (E/N) [18, 19]
(R3) N, (A3E}) + 0, - N,(v) + 20(3P) 1.7x10712 [12]
(R4) N, (B%M,) + 0, > N, (v) + 20(°P) 3.0x10710 [4, 12]
(R5) N,(a''%7) + 0, —» N,(v) + 0P) + 0('D) 2.8x10711 [4, 12]
(R6) N,(C3M,) + 0, » N, + 0CP) + 0(*D) 2.5x1071° [4, 12]
(R7) N,(A3%}) + 0(3P) - NO + N(“S,2D) 3.0x10711 [12, 15]
(R8) N,(B3Ig) + O(P) — NO + N(*S, D) 3.0x1071° [15, 20]
(R9) N,(C3I1,) + O(®P) = NO + N(*S,2D) 3.0x1071° [15, 20]
(R10) N,(a''£7) + O(®P) - NO + N(*S, 2D) 3.0x1071° [15, 20]
(R11) N(2D) + 0, - NO + O(3P, 'D) 7.5x10712 % /T /300K [12]
(R12) N(*S) + NO > N, + 0(3P) 7.5x10712 % T%S [12]

Table 1. Main reactions leading to the production ad losses of O atoms in the discharge and post-
discharge.T is temperature (K).

IV. Properties of FIWs through Capillaries in SyntheticAir
A. Experimental results

1. Discharge current, applied voltage, energy deposition

The incident, reflected and transmitted voltageaamied from the back current shunts are showngn%ia. The
corresponding HV and LV electrode voltages for ¢hdifferent pressures are in Fig. 5.b.. The trattedhicurrents
collected by the LV electrode, as well as calcdaterrent emitted by the HV electrode, are in Big.. Finally, the
deposited energy is shown in Fig. 5.d. The enegppodition, W, is obtained from,

1T ,
W = P(T) = Ef' Uine(t")? = Uper (8)? = Uppans(£)2dE, T > 50 ns (12)
t =0
whereZ is the cable impedance (50 OhrR)t) is the energy deposition up to timeandU;nc ref trans(t) is the
incident, reflected, or transmitted voltage.
The voltage on the HV electrode corresponds tostima of the incident and reflected pulses. The alati
averaged electric field, E(t), is then,

E(t) = (UHV(t) - ULV(t))/d (13)

whereUyy, (t) andU,,(t) are the voltages on the HV and LV electrodes tmeeisides of the capillary (shown in
Fig. 5.b), andl is the distance between the electrodes (80 mimsrekperiment).

The current through the HV electrode is obtainedcbmparing the reflected pulse in the case whertHie
electrode is covered by an insulating material, thedreflected pulse in the presence of the agrpia The reflected
current obtained with the plasma is subtracted filoa obtained with the insulating material.
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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.

The difference between the two currents in Fig. &an be explained by displacement current. Indées,
current emitted by the HV electrode is calculatechalifference between the reflected current wittplasma and
the reflected current with plasma in the dischaglé This current consists of the conductivity reumt through the
plasma and of the displacement current. While & propagates along the tube, the conductivity extris low,
and a significant portion of the displacement aotrreturns to ground through the ground shieldsTgart of the
signal corresponds to the low-current (10 A) steptlee red curve. When the discharge gap is clasedmain
current in the circuit is the conductivity curreAt. this stage, the current through HV and LV aledes are almost
equal.

The energy deposition is maximum during the fived fpulses with there being little energy deposititaming
the third pulse. The energy deposition correspom@bout 1 eV/molecule after the first pulse.

2. Electricfied

The reduced electric field E/N, for pressures afZZ4and 30 mbar and,;E= 300 K, and transmitted current are
shown in Fig. 6. Current in the middle of the tudseused in the 0D calculations is given by the m@eves. To
obtain these waveforms, the current flowing betwedhand 0 ns through the HV electrode, shown ¢n bic, was
changed to a flat "step" having a 5 ns durations Was done to simulate the current at equal distfom the HV
and LV electrodes. A comparison between the etefigid calculated from BCS data and from capaeitprobe
data is also in Fig. 6. Note that the electricdfibhsed on BCS measurements is necessarily spatiataged. The
spike at -3 ns for the electric fields correspotwdthe passing of the FIW near the detector. Thehdirge between 5
and 25 ns corresponds to the energy depositiorephlidis a high current and spatially uniform elecfield.
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Figure 6. Experimental reduced electic field, transmitted current, and estimated currert in the middle of the
tube. a — 24 mbar, b - 27 mbar and c - 30 mbar. d) Coisparhetween BCS-based and capacitive piudme
electric field

3. O atomsdensity

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

« Ay The ratio of the line intensities, taking intocaant quenching, natural lifetime, intensity detiva with
respect to time, detector sensitivity, ratio okdirelectron impact excitation coefficients, andyéu density;

« A, Dissociative excitation contributio®, + e - 0 + 0(3p3P) + e;

[ Electron temperature | 1E18 500
90000 =27mbar | —— [O] predicted by ZDPlasKin
-+ Intensity ratio contribution P —u—[0], experimental (actinometry)
1E18 4 —a— Dissociative excitation contribution - 80000 A =
—=—O('S) contribution 170000 X 7 1E17 5 [=—experimental EN] - 400 ]
"= E17 —e—0('D) contribution g § 5
) E 60000 5 ©
> ® 2 1E16 - 300 "G
» 50000 @ 2 2
g 1E16 4 £ 3 "g'
= 40000 & 2 1E15 200 G
S 1E15, 30000 § o ?
© & ®© S
o 20000 § O 1E14 100 3
w
1E14 4 10000 “
L L A N L ENL N S L N S L N 0 1E13 T T T T T T T T T T T 0
a) 0 2 4 6 8 10 12 14 16 18 20 22 b) -5 0 5 10 15 20 25
Time, ns Time, ns

Figure 7. a) Experimental data (green) and contribtions of all secondary processes that need to
subtracted from the experimental data (in blue, blak and red). b) experimental O atomconcentration.
compared to the ZDPlasKin model prediction.The reduced electric field is plotted for temporal reference.
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« Az Excitation of0(3p3P) from O('S) metastable state by electron impact;
« A, Excitation of0(3p3P) from O(1D) metastable state by electron impact.

The peculiarity of the actinometry in the nanosetalischarge is that the density of tBé'S) and O(D)
metastable atoms can be high enough to influengailation-depopulation balance of the measud¢dp3P)
staté”. If additional population 00(3p3P) from the metastables is important, the standatid@metry technique
cannot be used. An additional analysis has beenentaddetermine the limits of application of actirnetny
technique under the given experimental conditions.

Rate coefficients to estimate the input of theatdht processes (A,) were calculated on the basis of the
EEDF obtained from solution of Boltzmann equation2i-term approximation in the given electric fialding
BOLSIG+ software. Then, kinetics of excited states calculated, as discussed above, using ZDPlagi€ia. The
calculations were performed for the experimentalfife of the electric field. Initial electron detgiwas taken as a
parameter of the calculations; it was demandedttieatieposited energy during the pulse is equagfperiments
and for the calculations. Contributions to the ramtnetry forA, - A, are shown in Fig. 7. As far as for five points
within the interval 10-18 ns the conditions of thetinometry measurements are fulfilled, only thpemts were
taken to calculate O-atoms density. The calculaDecaitom density is represented in Fig. 7.b togethih
experimental electric field and theoretical curee ® atom density calculated with the help of ZR¥Ria. In part
IV.C, these results are compared with detailed Ditic modeling.

b) TALIF

The dependence of the TALIF signal for O atom cobedion vs laser energy was verified to be quadratic
below the energy threshold of 150 pJ for O atontshpJ for Xe atoms. The wavelength-integratedagof O
and Xe atoms were compared to calculate the O atomentration for a pressure of 27 mbar and a 2.8glay
after initial breakdown. The absolute values foheot delays were then calculated taking into accdbet
dependence of the calibration parameters on ggseteture.

The gas temperature in the post-discharge, meadhredgh rotational spectroscopy of the secondtipesi
system of M, is shown in Fig. 8. The gas temperature incredsgag the first 2 pus to as high as 2000-2500 ke T
O atom concentrations obtained by TALIF are showRig. 9 for 27 mbar pressure and compared witinactetry
results. Two cases are presented for quenchindiceats for O atoms being constant with gas terapge, or

varying as,/T/300K. The blue line corresponds to complete dissociatichere all @ molecules from the initial
gas mixture are converted to O atoms. It was asduhwm the quenching of tt@(3p3P) state by O atoms is half
that by Q molecules. This results in there being no effécpquencher depletion with increasing O atom density.
The maximum error of the measurements is estimtdede 50%. The square root dependence fails at high
temperatures, leading to measured values higherttigatheoretical maximum of complete dissociatb,.

6000 ——=—13 mbar =
—e—15 mbar Ll
5000 —— 19 mbar 1E17 4 L, e
—v— 24 mbar : .
27 mbar ?
4000+ 30 mbar 5 1£16.- &
=5 A
X 3000 % .
:
= 2000 e 1E154 p=27 mbar
% = | TALIF, Q(T)=cst
1000 (o) = TALIF, Q(T)=sqrt(T)
1E14 4 f P
complete dissociation limit
0 i . . . i . i . 4 actinometry
0 500 :II_(_)OO 1500 2000 ™ ™10 TTioo . 1000
ime, ns Time, ns

Figure 8. Gas temperature as a function of tim

after the initial discharge pulse. Figure 9. TALIF O atom data and actinometry results

for 27 mbar pressure, and complete dissociation liit
(total O atom density available from the gas initi¢
composition and density).
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B. Predictions of plasma properties from the 2D modetig

Results of the 2t modeling of the FIW discharge in thapillary are shown in Fig. -13 for the experimental
condition of 27 mbarThe electror
impact ionization source&s, at the

S, (cm®s™)
. . 0 '
FIW front and the electric potenti

Potential (kV)

¢ are shown in Fig.Q at t = 3.0, 5. 05} Max.=3.4x 10"

and 8.0 ns. The computat@n ] 4 f

domain shown here includes 1 0:0 : : :

tube wall (top) and part of the H 1.0 N Y T T |
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propagation, ft € strugture of t capillary. The high and low voltage electrodes are located #te left and
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. ; on a log scale over 4 decades.
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Figure 11.The axial potential profiles¢(z) during the FIW discharge a t = 1- 9 ns at the radial loci&ions ol

(a) the tip of the capacitive probe in the experimas, r=12.7 mm, and (b) the inner surface of the ggllary,
r=0.75 mm. The two verticd dash lines mark the region between z = 22 and 48m from the HV tip where
the electric field is measured in the experimen. Experimental curves are shown in c¢) scaled to mat
numerical values, and d) based on experimental chliation as described in Sc. Il.
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magnitude of the pea®. increases from 3.4 10** cm®s™ near the HV electrode to 1:410”° cm®s™ near the LV
electrode. This increase results partly becausevtitage on the HV electrode rises between t =6 which
produces a small region of additional ionizatiommthe HV electrode at t = 5.6 ns. The increasase partly a
result of the decreasing distance between the RiWitfand the LV electrode, which produces a comtirsly
increasing electric field in front of the FIW a®thV electrode is approached. This latter effectloa seen from the
tight clustering of the potential contour linesfiont of

1.0 100
E. (kV/om) \ 20000F
s a0
15000+ —_
= 60 =
g T
& 10000} 0 B
P G
5000+ 20
a) 0
20000 8000
15000 6000
= 5
o =
g 10000+ 4000 =
Max. = 105 4 B
0.0 L 1 1 5000+ 2000
1.0 T T T
[e] (em™) b) 0 0
= 20000 T T T T 10000
E , (On |8nTe5r surf)ace
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% 15000F  n 8000
= < y —
3 < 16000 B
m 2 10000 =
£ {4000 §
29 3.1 33 35 ~ i
. . 5000
Distance from HV electrode tip (cm) L 12000
Figure 12.The instantaneous axial (a) and radial (t Al
electric fields E and E and the electron density n % 5 10 15 20 0
(c) at the FIW front at t = 5 ns. Contours are onalo € Time (ns) .
scale over 4 decades for.n Figure 13.The voltage pulse and transmitte
current of the FIW capillary discharge (a), and the
the FIW att = 8.0 ns. time dependences of potential and electric fieldsn

To make comparisons with the experiments, tihe tube axis (b) and the inner surface (c) at z 82
electric potentiap(2) as a function of the axial distanze mm from the HV electrode tip.

(measured from the HV tip) is plotted in Fig. 1liates

t= 1- 9 ns. Values are shown at two radial locatja) the tip of the capacitive probe, r = 1.27 ang b) the inner
surface of the capillary, r = 0.075 cm. During A&V propagation, the shapes of thg) profiles at the probe
location are quite similar to the scaled experirakeptofiles shown in c¢). Note that the times in.Fid..c were
shifted to match the numerical timestamps. Theilgofre rather smooth and lack sharp gradientméfestimates
the peak reduced electrical field usip@) att = 5 ns and between z = 2.2 and 4.2 cm (tloevertical dash lines) as
in the experiments, E/N is about 150 Td. Taking iatcount the scaling factor for potential (~ 48jween Fig.
11.c and Fig. 11.d, this corresponds to a peak=EN20 Td, which is close to the measured peak ElNevim Fig.
6.b (around t = -3.6 ns). This agreement suggaststhie FIW dynamics captured by the present 2-Detiog are
consistent with those in the experiments.

While in the experiments(2) profiles along the inner capillary surface needbé¢ inferred from the capacitive
probe measurements, they can be obtained directhei simulations as shown in Fig. 11.b. Companed2) at the
position of the probe, besides the different araghss, the primary difference betwegfz) at the two radii is that
the ¢p(2) profiles on the inner surface show sharper gradie potential moving from left to right. Theseash
gradients correspond to the instantaneous axiatitwts of the FIW. If we again estimate the pedk B the same
region between z = 2.2 and 4.2 cm directly usirgi) in Fig. 11b (without the scaling factor), the eage E/N is
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about 800 Td, which is only slightly higher thae #xperimental value. We note the maximum E/N is tégion at
the leading edge of the FIW is about 2000 Td. Havegiven the fast speed of the FIW and the figfiatial and
temporal resolution of the capacitive probe, theraged E/N value is probably a more useful quabditpompare
with the experiments.

The lack of sharp gradients for the potential cerat the location of the probe is not unexpectedmFa
physical point view, inside the capillary tube &V front separates an ionized, conductive regiehifd the FIW
from the neutral, non-conductive region in front the FIW. The potential inside the conductive clenis
essentially the HV potential (minus the voltagepddue to the plasma resistivity). A large voltagepd occurs
across the FIW. At the location of the probe, thierao such separation since the ambient air resnagnitral and
acts simply as a dielectric. From a computatiof@point, there is a large contribution of spacargk inside the
capillary to the Poisson’s equation which is capabl producing sharp potential gradients, whilethet probe
location, the lack of space charge reduces thes®ois equation to a homogeneous Laplace equatibichwends
to produce smooth solutions.

To better characterize the structure of the FIV@, dkial and radial electric fields, Bnd E, and the electron
densityn.are shown in Fig. 12 at t = 5 ns. Whilgdt the inner surface is about 20 kV/cm, its pealke on the axis
is much higher, about 45 kV/cm. Slightly behind EH@V front, there is a narrow and elongated regiear the wall
where the radial electric field, Eeaches its peak, round 100 kV/ cm, much highan that of E as a consequence
of wall charging and sheath formation. The highinEhis region may be understood from the spagitiafile of ne.
The plasma channel that occupies the central regfitne capillary has a high electron density=rs.4x 10*cm®,
and high conductivity. As a result, the electridgmial within the plasma column is close to the Kdtage. So
there exists a large potential difference in thialadirection between outer edge of the plasmacbband the wall
of the tube, culminating in the sheath, which ressallarge E

The computed time dependence of the transmitte@mtjrand the axial and radial electric fieldz at3.2 cm on
the tube axis and the inner surface of the wallhmvn in Fig. 13. The computed current has a airsthape to that
found in the experiments as shown in Fig. 6. Thakpealue of around 90 A also compares favorabhh tlite
measurements. As in Fig. 6, there are two smakgpéathe computed current around t = 8.5 ns anél @6. The
first peak represents the arrival of the FIW frahthe LV electrode while the second peak is thernestrike, in
which the LV electrode launches a secondary ioiimavave that travels backward towards the HV etele with a
high speed inside the already formed plasma chailihel closing of the gap by the forward FIW and taeirn
strike are also reflected on the potential tracesha two dips in Fig. 13.b and 13.c around theeséimes. The
potential curves at the axis and the inner surédd@e tube are nearly identical, because the blghtron density
spreads the electric potential across the capitiadjus. On the other hand, the electric fieldthase two locations
have different characteristics. On the axis, onlyefsts and its maximum value is about 7000 Td. magow
width (in time) of E results from both the thinness of the FIW frontedl as its high speed. On the inner surface,
E, is smaller and around 2500 Td with a similar shapehat on the axis. The radial electric field<ss however,
much higher, about 10,000 Td, and has much wideméxwhich corresponds to the larger axial extamsif the
high E region as shown in the Fig. 12.

C. 0D kinetic model results

The electrical current shown in Fig. 6 was usedngsit data to the 0d kinetics model, together wiftbe
parameters that were discussed in part Ill.B. Bsealting reduced electric fields are shown in Eiy. There is good
agreement for 24 and 27 mbar, while for 30 mbaretkgerimental data are somewhat higher than thétsefsom
the model. The shape of the electric field is imyvgood agreement with the electric field obserwedhe
experiments. The first 1-2 nanoseconds correspotitet FIW front. At this stage, the field is spHyianon-uniform
and the 0D model reaches its lower bound in timegfiplicability. The low values of the electriclfiebetween 2
and 7 ns correspond to the discharge propagati@sephwhen the two electrodes are not yet conndayed
conduction current, and the fast ionization waveppgates towards the LV electrode. During this ghaslow

(10 A) current is maintained through the

tube section. The second peak, ne Pressure 24 mbar 27 mbar 30 mbar
10 ns corresponds to the high curre| Model, IXE 14.6 mJ 14.6 mJ 13.6 mJ

stage when the majority of the energ Exp, BCS 14.7 mJ 14.6 mJ 13.9 mJ

deposition occurs. Exp, IXE 14.8 mJ 15.2 mJ 15.1 mJ

Results for energy deposition ! -
calculated from  experimental OITable 2. Deposited energy, computed from experimeat and

. . i <
numerical data, are shown in Table 2. irlllumerlcal values
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Figure 14. Reduced electric field calculated fromhe 0D kinetic model, compred to experiment. a) 24 mbat
b) 27 mbar; c¢) 30 mbar.

the experiments, two approaches were used. Thesfirgply consisted in integrating thgE product. Here, the
experimental values of the current were taken fthm back current shunt measurements, and the exgetal
values of the electric field were obtained by tladilzated capacitive probe, as described abovehénsecond
method, the difference in integrals of incident aeflected current pulses measured in the cable weed taking
into account the transmitted current. All of theggnals were obtained from the BCS detectors, asriteed in Sec.
Il. The experimental BCS-based and numerical enamgyts agree very well. As such, the experimeitéield for
30 mbar may have been overestimated.

The O atom density, calculated by the OD modeplasted in Fig. 15 and compared to both actinoynatrd
TALIF values. There is good agreement between #leutations and the actinometry measurements dulieg
discharge in the first pulse. This agreement védisithe high dissociation degree obtained numéyiagter the first
pulse.

A distinctive feature of the experiments preseritedrig.15 is that already after the first pulse @-atoms
density is extremely high. Reactions (R8,R9) werelie first time proposed in Ref. 15 to explaia ttynamics of a
fast gas heating of ND, mixture at high degree of dissociation of molecotaygen:

N2 (B%Mg) + O(°P) - NO + N(*S, ?D) (R8)
N,(C3M,) + 0(?P) - NO + N(*S, 2D) (R9)

Rate constants of these reactions were proposed tisé analysis of the experimental dataNgfA3x), v = 7)
quenching by atomic oxyg&hand were taken to He= 7.510* cm/s. In a later pap&t, higher values of the rate
constantsks = ky = 310%° cn/s, were suggested on the basis oiRR(N(S) and NO densities, measured in the
afterglow of a pulsed nanosecond discharge intdr=100 Torr. In the present calculations, datggested in Ref.
20 were used (see Table 1).

15
American Institute of Aeronautics and Astronautics



Downloaded by University of Michigan - Duderstadt Center on December 13, 2017 | http://arc.aiaa.org | DOI: 10.2514/6.2014-1030

18

10
® OCPactimometry = o(’P), TALIF "
: 2 .I- ...........
10”_ B 1017_ ---------- _
i ?
E 5
° 104 - ; R |
] £ )
S S N('s)
o 15 O
10 "4 ] 1015- | |
LN (B+C)/5
10™4 - _ .
1014_ ' T T T -
a) 10° 10’ 10° by 10 10" Am e A
donsi Time, ns

Figure 15. O(3P) atom density, and other main species, calculated byhe OD model, compared t
experimental data. a) first pulse and early post-dicharge, with actinometry measurements; b) 2 us tim

scale, with TALIF measurements.Note: for TALIF values, the ,/T /300K approximation was used for quenching
coefficient behavior with temperature.

To underline the importance of quenching of excitédogen molecules by atomic oxygen, Fig.15 b gitlee
results of calculations of O-atoms density for wases: taking into account reactions (R8, R9, Raye 1; and
without taking into account the aforementioned tieas, curve 2. Densities of #§), NO, and summary density of
electronically excited states of molecular nitro,géf(83rlg) + N, (C3I1,) are also given. With increase of O-atoms
density, quenching of excited nitrogen molecules(A®z), N, (B®I1,), N, (CI1,) andN,(a"*Z;) takes place by
O-atoms, producing K$,?D) atoms and NO molecules. So, thedissociationvia collisions with excited nitrogen
molecules becomes less efficient and O atom demlgityeases in comparison with O atom density cailed|
without reactions (R8, R9, R10). As seen from BHy}.taking into account reactions (R8, R9, R10pves to obtain
an agreement between the calculation results andnasurements at t = 210 and 460 ns. Howevetethgoral
behavior of the O-atom densig time is more sharp in the experiments than inctileulations. The high value for
TALIF measurements at 1-2 us can be caused by emestimate of quenching coefficients (as the teatpes, and
hence the uncertainty in quenching values, risés tivhe).

V. Conclusions

Development of a fast ionization wave in a capjllanbe in air at moderate pressure (20-30 mbar) was
experimentally and numerically investigated. FIVfiiience on the gas mixture has been analyzed obakis of
measurements and numerical calculations of plassmangeters and density of atomic oxygen in the digghand
in the afterglow.

Electrical current, electric field and spatial distition of the electric potential were comparedptedictions
from a 2D axisymmetric model describing plasmaiatibtn and breakdown on a 20 ns time scale. Both
experimental measurements and numerical calcultoduce similar values of the FIW front velocighout
1 cm/ns, and similar shapes and values of ther@akicurrent, about 80-90 A at the peak. The 2Dnerical
modeling describes the detailed fast ionization evéront structure, as well as the smoothing of pléential
observed in the local electric potential measurdmesduced by the capacitive probe. In additioe, sults from
this simulation provide some insight in the eatiagpe, spatially inhomogeneous plasma parameters.

Measured values of electrical current were takea hasis for the 0D kinetic modeling, taking intz@unt the
kinetics of excited species in the discharge angrgibw, and a fast energy release due to relaxatib
electronically excited atoms and molecules, soedaflst gas heating. There was good agreement éetthe
calculated and measured values of longitudinaltitefield behind the breakdown front and with @ratdensity.
The main distinctive feature of FIWs in capillanbes is the high energy density at relatively tedgctric fields.
This results in an efficient excitation of electiotevels and dissociatiovia electronically excited levels. High
atomic oxygen density is a good indication of tffeciency of these processes. Ar actinometry and.IFAproduced
O atom densities that are in reasonable agreenitmthe 0D model based on absolute values.
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