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We reporton 2D Particle-In-Cell(PIC) simulationsof dc magnetizedplasmain cylindrical
coordinates.Simulationsaremadeby XOOPICcodedevelopedon theUniversityof Califor-
nia, Berkeley. Resultsof the simulationarecomparedwith experimentaldataobtainedby
Langmuirprobeandemissive probediagnosticsin cylindrical magnetrondevice.

PACS: 52.65.Rr, 52.70.Ds,52.25.Xz,52.50.Dg

1 Introduction

PIC methodof plasmasimulationis widely usedin plasmaphysicsresearchbecauseof its rea-
sonableresultsandability to solvewide rangeof problemsin its kineticapproach.Regardingto
descriptionof PIC methodwe refer to [1]. We presenthere2D PIC simulationsof magnetized
dc dischargein cylindrical magnetrondevice. Magnetronsareusedin industrye.g. for thin �lm
layercoatingandetching.Many magnetroncon�gurationsareused.In our researchwe concern
ondischargein thecylindrical magnetrondevicebecauseits symmetryandsimplemagnetic�eld
arrangementenablesrelatively simpletheoreticaldescriptionandmakeseasierunderstandingof
processesin weaklymagnetizedplasmaavoiding effectsof nonhomogenousmagnetic�eld. We
studythe in�uence of the magnetic�eld on dischargeparametersandPIC modelof discharge
cancontributeto ourdescription.

2 Experimental system

Schemeof thecylindrical magnetrondevice usedfor experimentalresearchin our laboratoryis
depictedin Fig. 1 andis describedin detail in [2] sothatonly its overview will begivenat this
place:Cylindrical magnetronconsistsof groundedstainlesssteeltube(anode)andwatercooled
cathodeatits axis.Dischargearea(12 cm long)is constrainedby two metalliclimitersconnected
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Plasma Processing, Podbanské (Slovakia), 15 – 20 January 2005.

2E-mail address: Ales.Marek@matfyz.cz

0323-0465/05 c© Instituteof Physics,SAS,Bratislava,Slovakia 461



462 A. Marek et al.

Pirani and Penning
vacuummeter

Probe circuit

A V

magnetic coils

cathode shield

glass
window

anode

cathode

water cooling

power supply for
magnetic coils

DC discharge power
supply (current mode)

450 Ohm
resistor

LAB Card

turbomolecular and
mechanical pump

PC

MKS flow
controller

MKS Baratron
pressure meter

gas reservoir
(Ar, Xe, Kr)

measurement

radially movable
Langmuir probe

cylindrical
vacuum vessel

+

¾¾®
B
®

Fig. 1. Cylindricalmagnetronscheme.Facultyof MathematicsandPhysics,CharlesUniversityin Prague.

to thecathodepotential.Plasmain magnetronis con�nedby homogenousmagnetic�eld parallel
to axis. It is createdby coupleof magneticcoils andcanvary up to 40 mT. Magnetronusually
operatesin noblegasesat pressures1 −10 Pa. Plasmaparameterscanbedeterminedby means
of electricalprobesplacedin vacuumfeedthroughin the centralplaneof magnetron. Some
experimentaldatapresentedin this contribution areobtainedin similar cylindrical magnetron
(seee.g.[3]) thatdiffersfrom thatonedescribedherein lengthof dischargearea(30 cm instead
of 12 cm) andalsoin electrodesradii (anoderadiusis 28 mm andcathoderadiusis 9 mm). Let
usto denotethesetwo magnetronslike ”longer” and”shorter” magnetronfor easierhandlingin
this text. Shortermagnetron'sdimensionsaregivenin Fig. 2 .

3 2D PIC model of the magnetron

For simulationsweappliedXOOPICcode[4] developedon theUniversityof California,Berke-
ley. Schemeof region for our 2D PIC modelof dischargein cylindrical magnetronis depicted
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Fig. 2. : Schemeof region for 2D PICsimulationof dischargein the”shorter” magnetron.

in Fig. 2. 2D codeis suitablefor this problembecauseof symmetryof magnetronarrangement.
Symmetrycould enablein principle even 1D description,but we know from experiment,that
dischargeis not homogenouslydistributedalongthewholedischargeregion. In orderto reduce
computationaleffort weplacedre�ecting boundaryto themiddleof magnetronandwesimulated
only half of dischargearea(from thecenterto the left limiter). However, simulationremained
still relatively time consuming.This is becauseconditionshadto beful�lled thatensurestable
andphysicallycorrectsolution.Accordingto [5] it means:1.) cell lengthsmalleror comparable
with Debyelength(that is in theorderof tensof µm in magnetron),2.) reasonablenumberof
simulatingsuperparticlesin cell (optimally 10 to 50 percell – this wasnot ful�lled in our simu-
lation becauseof too high computationalrequirements)and3.) time steprestrictions:time step
mustresolveprocessesonplasmafrequency andparticlesneednot �y overmorethanonecell in
onetime step.

4 Results of model and comparison with experiment

An exampleof computationalresultsis presentedin �gure 3. It is obtainedin simulationwhere
cells dimensionswerecomparablewith Debyelength. Comparisonof computationalelectron
densityresultswith Langmiurprobedatais givenin Fig. 4 for two differentexperimentalcondi-
tions;rA denotesanoderadius.Consideringthatmaximumof theelectrondensityis proportional
to theappliedpowerwe canseesatisfactoryagreementof modelresultswith experimentaldata.
Maximum of computedelectrondensityis situatedapproximatelyat the samepositionlike in
experiment.Pro�le of theelectrondensityin the region of positive columncorrespondsbetter
to Langmuirprobedataobtainedat highermagnetic�eld (25 mT, 5 Pa – notethe ratio of the
magneticinductionoverpressureremainsthesame:B/p = 5 mT/Pa).

An importantcriterionof physicalreliability of ourcomputationalresultsis plasmapotential
pro�le (Fig. 3b). The discrepancy in the plasmapotentialpro�le in our former 1D modelof
magnetron[6] wasthemotivationto apply2D model. In 1D modeldroppedmorethanonehalf
of applieddischarge voltagein the anoderegionsandin the positive column(positive column
wasnot in factdevelopedatall). This is in contrastwith dataobtainedin dischargeby Langmuir
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Fig. 3. XOOPIC simulation resultsof Argon discharge in magnetronat p = 4 Pa, B = 20 mT,
UC athode = −200 V. Dataarefrom snapshottaken at discharge time t = 6, 4 × 10

� 7
s. Densitypro-

�le usedfor initial conditionwasobtainedfrom formersimulationwith roughercomputationalgrid. Zero
of axial coordinatedenotescenterof magnetron;rAnode = 30 mm; rC athode = 5 mm. Cell dimensionis
comparablewith Debyelength(i.e. 500 × 1250 cells). (a)electrondensitypro�le, (b) potentialpro�le (for
betterview 90

� clockwiserotated).

Fig. 4. Comparisonof computedradialdensitypro-
�le with datameasuredby Langmuirprobe. rA is
anodediameter.

Fig. 5. Detail of computationalpotentialpro�le at
threedifferentaxial positions.rA is anodediame-
ter, z = 0 denotesthecenterof themagnetron.

probediagnostics.Theseexperimentaldatashowed only small potentialfall in anoderegions
aswell asin positive column. Almost thewholeappliedvoltagewasspentin cathoderegions.
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Fig. 6. Heatingcharacteristicsof emissive probe.
Operatingpointdeterminedat1.3 A.

Fig. 7. Radialpro�le of plasmapotentialobtained
by stronglyemittingprobein ”longer” magnetron.

Despitethat,electrondensitypro�le obtainedin 1D modelcorrespondedrelatively well with the
experiment.

In our former2D simulationswith roughercomputationalgrid presentede.g. in [7] we ob-
tainedpotentialpro�le thatcorrespondedbetterwith Langmuirproberesultsthanin caseof 1D
model.Regionof positivecolumnis relatively broadandis well developed.But thepotentialfall
in anoderegionswasalmost40 V (from 200 V of appliedvoltage)andfurthermorenumberof
simulatingparticlesmonotonouslygrew duringcomputation- computationwasnot stable.The
presentedsimulationwasalreadystableandwasmadewith gird cell sizecomparablein both
directionswith Debyelength. Resultingplasmapotentialpro�le (Fig. 3b) is in detail depicted
at threedifferentaxial positionsin 5. We cansee�at andwell developedpositive columnlike
in simulation[7], but potentialpro�le is betterresolved andpotentialfall in anoderegions is
smaller.

To compareof potentialpro�le with experimentwe usedplasmapotentialsobtainedfrom
thezerocrossof thesecondderivativeof theLangmuirprobecharacteristic.In orderto validate
experimentalplasmapotentialpro�le by anothermethodwemeasuredplasmapotentialpro�le in
magnetronby emissive probetoo (in factthepotentialshiftedby kTe/e is measured[8]). These
measurementshave beenrealizedin the”longer” magnetron.Emissive probedataaredepicted
in Fig. 6 andFig. 7. From datain Fig. 6 we determinedsuf�cient valueof heatingcurrentat
which the �oating potentialof the emissive probewasalreadygoodapproximationof plasma
potential(1.3 A at givenexperimentalconditions).Emissive probedata(seeFig. 7) con�rmed
resultsobtainedby Langmuirprobe:potentialfall in theregion of thepositivecolumnwasonly
a few volts aswell asthepotentialfall in theanoderegions.

Big potentialfall in anoderegionsin thesimulationcanbecausedby someof thesefactors:a)
grid is notstill �ne enough,b) discrepancy is observedbecauseof thenoisein potentialcausedby
smallnumberof superparticlesperonecell, c) modeldoesn't involveall processesparticipating
in burningdischarge.Solutionof thisdiscrepancy will beobjectof our futurework.
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5 Conclusion

We used2D PIC codefor modelingof weaklymagnetizeddc dischargein thecylindrical mag-
netron. In our recentsimulationwith grid comparablewith Debyelengthwe obtainedstable
solutionthat is in relatively goodconsistency with experimentalresults.Despitethatqualitative
agreementof simulationresultswith experimentwas found, further improvementof model is
neededbecauseof relatively big potentialfall wasobserved in anoderegions in simulationin
comparisonto dataobtainedby emissiveaswell asLangmuirprobemeasurements.
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