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We presentthe experimentalresultsobtainedon the ionisationwavesin the helium and
neonplasmas,within thepressurerangeof 200Pa to 2000Pa (133Pa = 1 Torr), andfor
dischargeelectriccurrentsof 5 mA to 35 mA. Themaincharacteristicsof the ionization
waves in the mediumpresureneonand helium discharge are a small amplitudeand a
high frequency. The amplitudeof the wavesis smallerthan1 V. In the caseof the neon
plasma,the frequency variesbetweenapproximately700 Hz and2250Hz andincreases
with the dischargecurrent.In the helium plasma,the frequency is in the rangebetween
approximately1500Hz and4000Hz anddecreaseswith thedischargeelectriccurrent.

1. Introduction

The simplestconditionof discharge in a gasis when the positive column is homo-
geneusandthedischargecurrentis constant.Suchaconditioncannotbealwaysprovided.
Many studieshave beendedicatedto theoscillationswhich take placeduring theelectri-
cal dischargesin gases.A specialinterestwaspaid to themoving andstandingstriations
of thepositive column,with impressive displays.Many measurementrsweremade,but a
completetheoreticalexplanationis still lacking.
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Pekarek[1] hasintroducedthe term ionizationwavesfor the moving striations,em-
phasizingtheir basicnature.Pupp[2] hasshown thatmoving striationsin pureraregases
at constantpressuresdo not occurabovea certaincritical currentwhich canbeexpressed
by theempiricalrelationship:

Ic
� C

�
pγ � (1)

wherep is thepressure,andC andγ areconstantsthatdiffer from gasto gas.
A theoreticalrelation for the upper limiting disharge current has beenderived by

AlankyanandMikhalev [3], whoobtained:�
Ic p � 2 � AIcp

�
E
p ��� B

�
pΛ � 2 � (2)

whereΛ �
	 Daτ is the diffusion length,τ is the time constantfor the ions to diffuseto
the tubewall, andA andB areconstantsdependingon thegasandelectrontemperature.
Thefirst termfrom theright-handsideof theEq.(2) is dominantat low pressurewhile the
secondtermis dominantat high pressure.Theionizationwavesmaybebothself-excited
or stimulatedfrom outsideandarefurther distinguishedby their velocitiesandtheir Eλ
product,whereE is theaxialelectricfield andλ thewavelengthof thewaves[4].

Four varietiesof waveshave beenexperimentallyobserved,two slow types(called p
ands� ) andtwo fast types(calledr ands). The p-wave arisesdueto oscillationsof the
metastabledensity, while thedominantprocessesof ther-wavesaretheoscillationsof the
ion density. Thes ands� wavesareassociatedwith molecularionsandwith their formation
causedby thecollisionsof excitedatoms.

We presentthe resultsobtainedin measurementsof theself-excited ionizationwaves
of p-typeobtainedin mediumpressureheliumandneondischargeplasma.

2. Theoretical considerations

Thefirstmathematicalmodelandconsequentlysomeof themostimportantadvancesin
thetheoryof theionizationwavesis thatof PekarekandKrejici [5]. Theirmodelwasbased
on four linearequationsfor the ionsandelectrons,thePoisson’s equationandtheenergy
equationfor electrons.They obtainedanintegro-differentialequationfor striationswhich
canbesolvedin somesimplifiedcases.Severalmethods,likethenumericalevaluation[6],
theFourierexpansion[7] andtheLaplace-transform[8] havebeenappliedto solvethisset
of equations.

Themostrealisticanalysisfor ionizationwavesnearthePupplimit wasperformedby
Wojaczeck[9]. He useda completeexpressionfor the electronenergy equation,includ-
ing thermalconductivity anddiffusion dueto the electrontemperaturegradients.Later,
someresearchgroups[10-12] have reporteddifferentmodelsbasedon the Vander Pool
oscillator-likemodelfor drivenionizationwaves.

For ourexperiment,thebasicequationsare[13]:

dni

dt � ni∇ � 
vi
� s
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d�vi

dt � νi �vi � q
M
�E � 0

� ∇ � � ne �ve � � s (3)

k∇ � neTe � � qne �E � νem �vene � 0

whereni, is theion density, ne theelectrondensity, vi theion drift velocity, ve theelectron
drift velocity, k theBoltzmannconstant,q theelementarychargeands thesourceterm.

Therelationbetweenthefield andtheelectrontemperatureis [5]:

∂Te

∂z
� aTe � bE (4)

whereTe is theelectrontemperature,a andb constantsandz theaxialcoordinate.Thenthe
dependenceof thetimevariationof theion densityni is approximatelygivenby [14]:

d2ni

dt2 � � α0 � 2βni � 3γn2
i � dni

dt � ω2n � C1n2 � C2n3 � 0 (5)

whereα0 � α � vi is the effective lineargrowth rate,νi the collision frequency between
ionsandneutralatoms,β andγ areconstants,ω is thewavepulsationand

C1 � β � νi � νe � m
M ����� and C2 � γ � νi � νe � m

M �����
wherem is the electronmass,M the ion massand νe the collision frequency between
electronsandneutralatoms.

Finally, ω is expressedby

ω � ka2 � q
q � kb � 2 � bTe

M � q � kb � 1
K � (6)

whereK is thewave number. Equation(6) is regardedasa dispersionrelationof the ion-
izationwave, which hasa backward-wave characteristic.Here,a is about10 m 1 andb
about5 ! 103 KV  1 in thecaseof neon,anda is about2.5m 1 andb about104 KV  1 in
thecaseof helium.

Fromthetheoryof Novak[4], theproductE � λ is a constantfor agasof about9.3and
14.2V in thecaseof neonandhelium,respectively.
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3. Experiment

Theexperimentalset-upis shown in Fig. 1. Thesteady-stateplasmawasformedin the
cylindrically-symmetricpositivecolumnin a40cmlongand4.5cminside-diameterglass
tube.Theelectrodesweremadeof nickel andhada Rogowsky profile. Theconnections
betweeneachelectrodeandmetal-to-glasssealsaremadeof a metalpieceanda helical
wire, andthedistancebetweentheelectrodescouldbevariedfrom 20 to 40 cm by means
of magneticcoils. Threewolfram probeswith glassinsulation,S1 " S2 andS3, having a
diameterof 1.5 mm, wereplacedwithin the dischargegap.Anotheridenticalprobe,S4,
wasplacedoppositeto theprobeS2. Theprobeshaveplain tips.Theradialpositionof the
probescouldbevaried(alsoby meansof magneticcoils),sotheprobesS2 andS4 couldbe
put in contact.

Fig. 1. Experimentalset-up.

Thedischargetubewasconnectedto thevacuumsystem,degassedandfilled with spec-
troscopicallypureheliumor neongas,closeto thevalueof themediumworkingpressure.

Theworking rangeof theelectricdischargecurrentwasfrom 1 to 35 mA. To observe
theself-excitedionizationwavesin theplasma,weusedanelectricmethodwhichallowed
the recordingon the oscilloscopeof both the wave frequency and the plasmapotential
amplitudevia theelectrostaticprobes.

The DC supplysource(RFT-STARTON 4205type, max. 1.5 kV and0.2 Amperes)
had50 Hz pulsessuperimposedon theconstantcomponentof thevoltage.This causeda
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modulationof theelectricsignalfrom theprobes.Usinga supplysourcewith a long time
constant,we couldsustaintheglow dischargeevenafter thedisconnectionof thesource,
whichallowedthemodulatedsignalto beseenontheoscilloscope.Theaxialelectricfield
wasdeterminedby thedouble-floating-probemethod.

The discharge in neonwasstudiedat pressuresof about200, 530, 930, 1330,1600
and2000,andin heliumat pressuresof about670,930,1460and1860Pa Pa (133Pa = 1
Torr). Thedischargecurrentwasin therangeof 1 mA to 35 mA. Both theamplitudeand
thefrequency havebeenrecorded.Theelectricsignalfrom thepositivecolumn(theprobe
S1 in theareaof theanodeandtheprobeS2 at theheadof thepositive column)aswell as
thenegativeglow (theprobeS3 in theareaof thecathode)weremeasured.

TABLE 1. Theresultsof measurementsof thefrequency andamplitudeof oscillations,and
thecalculatedfrequencies,in neonplasmafor differentvaluesof thedischargecurrent(I)
andof theproductpressuretimesradius,pR (R # 2 $ 25cm).

I R % p E & p νosc Vosc vcalc
g νcalc

osc
(mA) (cmPa) ((mV/cm)/Pa) (Hz) (V) (m/s) (Hz)

S1 S2 S1 S2
500 6.01 440 450 0.3 0.2 475

1300 3.38 1200 1000 0.4 0.3 710
5 2300 2.66 1250 1125 0.5 0.4 36.67 980

3300 3.44 1250 1500 0.5 0.4 1805
4000 2.17 2000 2250 0.6 0.5 1365
5000 2.74 2250 2000 0.6 0.5 2160
500 5.64 750 650 0.15 0.2 490

1300 3.16 1000 1000 0.30 0.3 730
15 2300 2.59 1250 1200 0.50 0.4 40.54 1055

3300 3.57 1500 1500 0.60 0.5 1950
4000 2.08 1250 1750 0.60 0.5 1450
5000 1.93 1300 1500 0.70 0.6 1680
500 5.34 900 900 0.15 0.1 585

1300 3.31 1000 1250 0.30 0.2 880
2300 1.95 1250 1250 0.50 0.4 51.13 1000

25 3300 2.52 1500 1750 0.60 0.4 1840
4000 1.83 2000 1800 0.60 0.5 1605
5000 1.45 1700 1750 0.60 0.5 1590
500 5.26 1000 900 0.1 0.1 845

1300 2.86 1200 1250 0.3 0.2 1225
35 2300 1.29 1250 1250 0.5 0.4 74.97 970

3300 1.68 1750 1500 0.6 0.5 1805
4000 1.25 1750 1800 0.6 0.6 1610
5000 1.17 1700 1750 0.6 0.6 1890
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4. Results

In all situations,the plasmacolumnhada single-sourceappearance,but the electric
signalrecordedvia theelectrostaticprobesevincedthepresenceof the p-typeself-excited
waves. For the neonplasma,at mediumand low pressure,the resultsfor the recorded
signalsareshown in Table1.

Fig. 2. Thedependenceof frequency vs. thecurrentat p = 1330Pa for theprobesS1 and
S2. (133Pa= 1 Torr.)

Figure 2 shows the dependenceof the wave frequency on the electricaldischarge
currentfor the neonplasma.Essentially, thereis no differencebetweenthe low andthe
mediumpressureionizationwaves,both beingof the samephysicalnature.Only differ-
encesof theslopesof the curvesareseenfor thesamevaluesof the electricaldischarge
currentbut at differentvaluesof thepressures.Thefrequency increaseswith the increase
of thedischargecurrent.

In thecaseof theheliumplasma,essentialdifferenceswereobserved.Theresultsare
shown in Table2. The wave frequency decreaseswhen the electricaldischarge current
increasesand,for thesamevalueof theelectricaldischargecurrent,thewave frequency is
greaterfor dischargein helium.

Thedifferencesbetweendischargein neonandin heliumaredueto thejumpingphe-
nomena[15]. They arepresentin the caseof neon: the frequency suddenlyjumpsto a
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highervaluewith an increaseof thecurrent,andthedischargereversessuddenlybackto
thepreviousstate.

TABLE 2. Theresultsof measurementsof thefrequency andamplitudeof oscillations,and
thecalculatedfrequencies,in heliumplasmafor differentvaluesof thedischargecurrent
(I) andof theproductpressuretimesradius,pR (R ' 2 ( 25cm).

I R ) p E * p νosc Vosc vcalc
g νcalc

osc
(mA) (cmPa) ((mV/cm)/Pa) (Hz) (V) (m/s) (Hz)

S1 S2 S1 S2

1500 6.99 3000 3000 0.4 0.3 1795
5 2100 5.57 2250 2500 0.5 0.3 54.63 2000

3300 5.22 3000 3000 0.5 0.4 2945
4200 6.43 2900 3000 0.5 0.4 4620
1500 7.01 3300 3300 0.6 0.3 1660

15 2100 5.81 2000 2000 0.8 0.5 50.44 1925
3300 5.27 2000 2000 0.8 0.5 2750
4200 6.50 1900 1800 1.0 0.6 4310
1500 8.63 2500 2250 0.5 0.4 1595

25 2100 6.32 2000 2000 0.8 0.7 39.37 1635
3300 5.42 2100 2000 1.0 0.8 2205
4200 6.69 1700 1800 1.2 0.8 3465
1500 10.32 4000 4000 0.6 0.4 1560

35 2100 6.35 2000 2000 0.8 0.8 32.18 1340
3300 6.02 1800 1800 1.0 0.8 2000
4200 7.40 1500 1750 1.2 1.0 3135

In theneonplasma,thereis aninstabilityonsetof theionizationwavescorresponding
to a certainvalueof the dischargecurrent.As canbe seenfrom the Tables1 and2, the
dependenceof the ionizationwave frequency on pressureis different in the caseof the
heliumplasmaandtheneonplasma.

Within the margins of the experimentalerrors,no essentialdifferencesbetweenthe
frequenciesrecordedwith theprobesS1, S2 andS3 for thesamevaluesof thegaspressure
andtheelectricaldischargecurrentshavebeennoticed.By puttingin contacttheprobesS2
andS4, thefrequenciesof thesignalsfrom theprobesS1 andS3 werenotaltered.Thesmall
differencesbetweenthe measuredandcalculatedfrequenciesseemto appearbecauseof
thedependenceof thefrequency onthetuberadiuswhichis not includedin ourtheoretical
model.

5. Conclusions

In thecaseof neonplasma,thebasiccharacteristicsof thewavesarethelow amplitude
(lessthan1 V) andthehighfrequency (between700Hz - 2500Hz).This is to becompared
with theionizationwavesfrom theneonglow dischargeat low pressurewhich hada high
amplitudeanda low frequency.
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For heliumplasma,thewaveamplitudesarealsolow, but thefrequenciesarehigherby
a factorof two thanin thecaseof neon.

In caseof the neonplasmaour resultsarea little different from the theoreticaland
experimentalresultsof Pekarek’sgroup[16]. They observedafrequency of thesameorder
of magnitude(1000Hz), but they workedata lowerpressure(200Pa)anduseda tubeof a
smallerdiameter(8 mm).

Theresultsof OheandTekeda[17] for boththecaseof neonplasmaandheliumplasma
aregreaterthanour resultsby oneorderof magnitude.They workedat a lower pressure
andtheir tubediameterwasbetween4 and8 mm.

For practicalapplications,in majorityof cases,dueto thelow valueof theamplitudes
of ionizationwavesatmediumpressure,thesewavescanbeneglected.
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IONIZACIJSKIVALOVI U NEONSKOJI HELIJEVOJPLAZMI NA OSREDNJEM
TLAKU

Proǔcavali seseionizacijskivalovi u neonskoj i helijevoj plazmizatlakove izmed–u 200i
2000Pai pri izbojnimstrujamaod5 do35mA. Amplitudeoscilacijasumaleafrekvencije
visoke.U neonskoj plazmifrekvencijaje od450do2250Hz i rastesastrujom,au helijevoj
izmed–u 1750i 4000Hz i smanjujesespovećavanjemizbojnestruje.
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