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1 Introduction

Positive streameris a bright plasmafilament, which
rapidly bridgesthe overvolted electrodes.One of the
electrodescanbesharpened;thehigh Laplacianfield is
thenconcentratednearthatelectrode.Streameris orig-
inatedin a high field andmovestowardstheotherelec-
trode,wherethefield is low.

Sucha geometry(e.g. wire anodeandcoaxial tube
cathode)is usuallyusedin pulsedstreamercoronade-
vices[1, 2, 3]. It allows to producemultiple streamers
in a largedischargegapapplyingvoltagepulsesof rela-
tively low amplitude(10–100kV). Thevariantsinclude
dielectricbarrierdischarge,whena thin dielectriccov-
ersoneof theelectrodesor a dischargein a spacefilled
with dielectricpellets[4].

In all thesecasesthe chemical reactionsin a gas
areinducedby species,generatedin thestreamerhead,
whereahigh polarizationfield exists.Thehighfield fa-
cilitatesproductionof electrons,which destroy andex-
citemolecules.Theproductsof electron–molecurereac-
tions(radicals)theninitiatemultiplechemicalreactions
in a gasleadingto removal of harmfulcomponents.

Recentexperimentson gas cleaning by meansof
pulsedstreamerdischarge showed, however, low effi-
ciency of streamercorona.Accordingto [5] in pureN �
theenergy costof oneN atomproductionby meansof
streamercoronais about300eV. Currentlythis technol-
ogy is moreexpensive thanthe electronbeamprocess-
ing, when radicalsare generatedin a gasby electron
beam.Undertheactionof beamthe costof N atomin
pureN � is about80eV [5].

Theefficiency of streamercorona,however, depends
on a numberof factorssuchasgeometryof electrodes,
voltagepulseparameters,gaspressureetc.. In a past5
yearsa two–dimensionalmodelsof streamerin nonuni-
form fields in air [6, 7, 8, 9, 10] have beendeveloped.
Thesemodelsallow to simulatestreamerdynamicsand
generationof speciesandto investigatetheinfluenceof
externalparameterson speciesproduction.In this work
theinfluenceof Laplacianfield on efficiency of radicals�
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generationis investigated.

2 The model of streamer in air

Streamerdynamicsin air is describedby the following
systemof equations:��������
	 �� �� ��� ������ � 	 � � �������������� 	!�#"#$%�'&)(*(+$-, � �

(1)��� ���� �.� �/� 	0� " $-, � � $1, �/2 (2)��� 2���3�4�'&)(*(+$-,5��2 (3)687 �9$;:<�= >� � $ � � $ � 2 �@? (4)

where A � �9$CB �@DE��� $-F �)G ��� (5)

is electronflux,
G

electricfield strength:
G �H$ DI7 ,

7
potential,

�
numberdensity, B and F diffusion coeffi-

cientandmobility respectively. Subscripts“ : ”, “ J ” and
“
�

” referto electrons,positiveandnegativeionsrespec-
tively, “ : ” in (4) is absolutevalueof electroncharge.

Right hand sides of (1)–(3) describethe rates of
charged particlesproductionand loss. The � " is the
rateof moleculesionizationin collision with electrons,� ��� therateof photoionizationin a gas,� &)(*( therateof
electronsattachmentto oxygenmolecules,, � � therate
of electron–positive ion recombination,,��/2 the rateof
positive–negativeionsrecombination.

Theexpressionsfor �#" , ��&)(*( , , � � and ,5��2 aregiven
in [11, 7]. The calculationof the rateof photoioniza-
tion is basedon themodel[12] andis describedin [13].
Boundaryconditionsanddetailsof numericalsolution
of system(1)–(4)canbefoundin [7, 14].

3 Generation of radicals

The system(1)–(4) definesthe evolution of electron
densityandelectricfield in thecourseof streamerprop-



agation. Knowing thesevaluesonemay calculatethe
numberof radicals,generatedby thestreamerin air.

The numberdensity
� & of radicalsof a sort K obeys

theequation ��� &��� �4L &�MN&+O)��& � �P� � (6)

whereO@�/& � is fractionof parentmolecules(O� or N � ) in
the air, L & stoichiometriccoefficient, MN& RQTS���� the rate
constant.Following [15], thereactionslistedin Table1
weretakeninto account.

Therateconstantof nitrogendissociation

e 	 N �VU e 	 N 	 N (7)

was taken from [16]. Lowke andMorrow [16] calcu-
latedEEDFandrateof nitrogendissociationfor theflue
gas.Theenergyof N � dissociationis ratherhighandthe
rateconstantof thatprocessisdefinedbyhigh–energetic
tail of electronenergy distribution function, whereno
vibrationalexcitationof moleculesoccurs.For thatrea-
sonionizationcoefficientsin air andfluegasesareclose
to eachother. Onemaythereforeexpect,thatthis is true
for nitrogendissociationrateconstant.We interpolated
data[16] with a following expression:

MXW �.Y[Z �]\_^�`ba QTS��cXdX\N\fe/gihkj $�l dX\Q8Sm�on cmp ŝ#q ?
(8)

where
QTS��

is in Td (1 Td r �]\ ^#q W V cm� ). Note that
this fit agreeswell with thosepresentedin [17].

Therateconstantsof reactions,listedin Table1 have
theform Ms& �ut & e�g_hkj $Cv.w &QTSm�on cmp ŝ'q (9)

where
QTS��

is in Td, v r3xzy  �]\ � . The parameterst{&
and w & arelistedin Table1.

4 Results and discussion

The streamersare simulatedfor atmosphericpressure
air (J �4| l \ Torr, } �4~ \X\ K) in 2–cmgapbetweenthe
curvedanodeanda planecathode.Cylindrical coordi-
nateswith the origin at the cathodesurfaceoppositeto
the anodetip areused. The

�
–axisis directedtowards

theanodetip.
Thetwo anodeswereconsidered:dull (Anode1) and

sharp(Anode2) (Figure1). Bothhavea form of hyper-
boloidof revolution:� � ��� � $ � �K � � � � (10)

with the radiusof tip curvature � (>"��-� K � S � . For both
anodes

� � c cm. For Anode1 K � \�� ~ c , � (>"���� \�� \N�_�mc
cm andfor Anode2 K � \��z�]�

cm, � (>"��f� \�� \��N� ~ cm.
The radiusof tip curvatureof the Anode1 is almost5
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Figure1: Thetwo anodes,usedin simulations.

timeshigher, thanthatof Anode2. Underthesameap-
plied voltage(10 kV) it gives3 timeslower Laplacian
field nearthetip.

In bothcasestheappliedvoltageis 10 kV. To initiate
streamerasmallspotof aseedplasmais placednearthe
anodetip. It shouldbeemphasized,thattheonly differ-
encebetweentwo variantsis theshapeof theanode.All
otherparameters,including initial andboundarycondi-
tionsremainthesame.This allows to elucidatetherole
of Laplacianfield in productionof radicals.

The streamersfor both variantsat the moment5 ns
are shown in Figure 2. It is seen,that near the dull
anodethe streameris narrower and shorter, than near
thesharpone. In caseof sharpanodethehigh field re-
gion occupiesmuch larger volume andhenceradicals
areproducedmuchfaster.

Figure 3a shows that the streamernear the sharp
anodeproducesradicalsalmost 10 times faster, than
streamerneardull anode.Figure3b demonstratesthat
in 1.5 ns the streamernearsharpanodebecomesmore
effective thannearthe dull one. Themeanenergy cost
of onespecienearsharpanodeis about10eV.

The costof O atomis twice lower, than the costof
eachdissociationevent.Thenumberof Oatomsdirectly
producedin the reactions,listed in Table1 is shown in
Figure3. Theenergycostof eachO atomatthemoment
10 nsis about55 eV for Anode1 and39 eV for Anode
2. However, in both casesmostpart of generatedac-
tive speciesareexcitednitrogenmolecules(Figure3a).
Thesemoleculesarerapidly convertedto oxygenatoms
in thereaction

N �� 	 O� U N � 	 O 	 O (11)

andhencefrom practicalpoint of view the energy cost
shown in Figure3b is thecostof oxygenatom.

Theresultspresentedshow, that the sharpanodehas
evident advantagesover the dull one. Due to higher
Laplacianfield thestreamernearsharpanodeis created
with higherheadradius,it producesspeciesfasterand
ontimescale10nsthemeancostof eachspecieis lower.
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Figure2: Contourlinesof electrondensityandabsolute
valueof electricfield for the moment5 ns for the two
anodes.Left pair of maps:Anode1, right pair: Anode
2. Top maps:electrondensity, bottommaps:absolute
value of electric field strength. Electrondensitycon-
tours are labeledwith the power of 10:

�]\ q�q
to
��\ q��

cm̂ p . The outermostcontouris
�]\ q�q

cm̂ p . Electric
field contoursare30,50,70

�/���
kV/cm.

In [7, 9] we have reportedthe values 35 and 30
eV/specierespectively, resultedfrom numerical sim-
ulation of streamersin similar conditions. However,
in [7, 9] amongpossiblechannelsof nitrogenexcita-
tion, only productionof N �  t p]� � was taken into ac-
count. The set of reactionsusedhere(Table 1) takes
into accountall thechannelsof nitrogenexcitationrec-
ommendedin [15] which leadto lowerenergy cost.

A streamernear sharpanodecannotproliferate far
into the low field region: it is then transformedinto a
streamerwith smallerradiusof head[13]. Theeffectof
energy costreduction,therefore,is causedby the high
field near the anode. This is in line with the predic-
tion [13] that in low field only the standardstreamer
can exist, whosepropertiesdependonly on gaspres-
sure.Thestreamershown in Figure2 (Anode2) is non–
standardin thatsenseandthis is thereasonfor its better
performance.

It wasassumed,that thevoltageis appliedto thean-
odeinstantly. In practice,however, high voltagecircuit
providespulseswith finite risetime � andformationof
streamersdependsalsoon � .
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Figure3: (a): Total numberof species,producedby the
two streamers.Dashedcurves:streamerneardull anode
(Anode1),solidcurves:streamernearsharpanode(An-
ode2). (b): Meanenergy costof eachspeciefor thetwo
streamers.Dashedcurve: Anode1, solid curve: Anode
2.

Considera long wire anode. If � is large, most of
thestreamerswill startbeforethevoltagereachespeak
value. Thesestreamersgrow andpropagateinitially in
thelow field, they havesmallradiusandpoorefficiency
of radicalsproduction.If voltagerisetime is small, the
voltagegrows fasterthanstreamermovesandonemay
expectformationof non–standardstreamersnearthean-
ode.To ensurehigh performanceof speciesproduction
it is beneficialto createhigh field neartheanodeasfast
aspossibleandto interruptvoltagepulsebeforestream-
erswill looseefficiency. Todaythe generationof short
pulsesin large–scalesetupsishardlypossible.However,
suchpulsescanbegeneratedin a smallgaps( � �

cm).
Besides,thehighvoltagetechnologyprogressesandone
mayexpectthatsoonthis problemwill besolved.

In large–scalesetupsfor streamercoronacleaning
the coaxial geometry is used and � is usually hun-
dredsnanosecondsto microseconds[3]. The diameter
of the inner cylinder (anode)is 1.5 mm or more. The
peakLaplacianfield at the surfaceof inner cylinder is7�S_ � xzy ���S � ��� , where

�
and � areradii of outerandin-

nercylindrical electrodes.Thevoltagepulsesareabout
20–40 kV, thereforethe peak field near the anodeis
about100 kV/cm. This correspondsto the conditions
neardull anodedescribedabove. Undervoltagepulses



with suchalarge � streamersform in low Laplacianfield
andthismayexplain their low efficiency.

Comparisonshowed, that the better efficiency pro-
vides Siemensreactor, where the anode“was struc-
turedto obtainahomogeneousdistributionof microdis-
charges...” [3]. This stricturecanenhancelocal Lapla-
cianfield. In spiteof very low voltagerise time (1 F s)
somestreamersarebornwhenthefield is high andthis
couldbeanexplanationof betterreactorefficiency.

In the presentsumulationsthe costof nitrogenatom
at themoment10nsis 70eV for Anode1 and50eV for
Anode2. Theexperimentswith streamercoronain pure
N � [4, 5] gave thevalues240to 300eV perN atomun-
derthevoltagerisetime � �]\X\ ns.It is notclear, whatis
theefficiency of streamerin purenitrogen,sinceparam-
etersof suchastreamercandiffer significantlyfrom that
of in air [13]. Theelectronbeamin purenitrogenandin
air givesN atomat a cost � dX\ eV peratom[3, 5]. The
resultspresentedshow that in air the pulsedstreamer
coronatechnologywith shortpulsesandsharpanodes
may give even betterperformance,thanelectronbeam
technique.
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