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Abstract

Modeling of temporal evolution of Penning gas discharge plasma in molecular hydrogen at pres-
sure 0.8 mtorr, anode voltage 800 V and axial magnetic field 330 G is performed in the paper.
Simulation is carried out using 2D/3V axisymmetric electrostatic PIC-MCC method. Distinct
feature of this work is the addition of dissociative ionization process to kinetic model of Penning
gas discharge in molecular hydrogen. In the paper temporal evolution of electrostatic potential,
field, charged particles number densities and temperatures in gas discharge chamber are given.

Keywords: molecular hydrogen, atomic hydrogen, Penning discharge, low pressure, external
magnetic field.
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Fig. 1. Schematic view of the experimental setup (figure is taken from [1], on the left), temporal evo-
lution of number of macroparticles in numerical simulation (on the right)
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Fig. 2. Distribution of number density [cm™] (on the left figure) and temperature [eV] (on the right figure)
of atomic hydrogen in the Penning gas discharge plasma
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1. Introduction

Penning discharge is high-voltage low-pressure glowing discharge existing in the presence of
external magnetic field. In 1937 low pressure manometer was invented based on it [2] and since
then this discharge has been used in numerous practical applications [3].

Penning discharge is known for a long time; however, there are few studies (both experimental
and theoretical) aimed at investigation of its spatial structure [4—12]. There are even less researches
dedicated to analysis of plasma chemical reactions in the Penning gas discharge [13—15].

In this paper numerical simulation of Penning discharge in molecular hydrogen is performed.
Discharge parameters experimentally investigated in University of California, Berkley was used for
conducted modeling. The model of Penning gas discharge proposed in [9] supplemented by the
process of dissociative ionization is used for in the study, which is distinctive feature of the work. It
allows to investigate influence of various parameters such as anode voltage, pressure, magnetic field
on the amount of atomic hydrogen that is formed while the gas discharge exists. Results of numerical
simulation are presented as animated files, which show the temporal evolution of two-dimensional
distributions of electrostatic potential, field, number density and temperature of charged particle
species in the gas discharge chamber.

2. Video description

In the fig. 1 scheme of experimental setup, intended for the investigation of Penning gas dis-
charge in molecular hydrogen, is presented [1]. Cylindrical anode in the center of the scheme is
shown in purple color. Cathode and anticathode are shown in blue and green color and situated in
the opposite ends of gas discharge chamber. Electrodes are made of aluminum. There is an orifice
in the anticathode. Magnetic field is created by means of current coil and is almost uniform in the
bulk of discharge chamber.

Experimental study of the Penning gas discharge has been performed at the following param-
eters: working gas is H», pressure is 0.8 + 1.0 mTorr, anode voltage is 600+ 800 V, axial magnetic
field is 300 +400 G, discharge current is 4 +~5 mA, length and inner diameter of the anode is 2.54 cm,
volume of the discharge chamber is 12.9 cm’. In the experiments, discharge current was recorded.
Composition of the beam, leaving the gas discharge chamber, was measured by means of the mass
spectrometry. Results of the measurements indicate that the fraction of ionized hydrogen atoms in
the beam is about 5+ 10 %.

Numerical simulation of the system described above is carried out using the model described
in [9] at the following parameters: pressure of the molecular hydrogen 0.8 mTorr, anode voltage
800V, axial magnetic field 0.033 T. Detailed description of the model implementation is given in
[16, 17]. Process of dissociative ionization of H> molecules in collision with electrons was intro-
duced in the baseline model of the Penning discharge in molecular hydrogen [9]. Cross-section of
the process was taken from [18].

Animation files (animation time corresponds to the physical time ~26 mks) show the results
of numerical simulation of transient processes while gas discharge plasma approaches to steady-
state:

1) Fi—name of the animation file, which demonstrate temporal evolution of spatial distribution

of electrostatic potential, [V];

2)  Ez —name of the animation file, which demonstrate temporal evolution of spatial distribution
of axial component of electric field, [V/cm];

3)  Er —name of the animation file, which demonstrate temporal evolution of spatial distribution
of radial component of electric field, [V/cm];

4)  absE — name of the animation file, which demonstrate temporal evolution of spatial distribu-
tion of absolute value of electric field, [V/cm];
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5)  ROe — name of the animation file, which demonstrate temporal evolution of spatial distribu-
tion of number density of electrons in computational domain, [cm™];

6) Te —name of the animation file, which demonstrate temporal evolution of spatial distribution
of temperature of electrons in computational domain, [eV];

7)  ROH2+ — name of the animation file, which demonstrate temporal evolution of spatial distri-
bution of number density of molecular hydrogen ions in computational domain, [cm™];

8)  TH2+ — name of the animation file, which demonstrate temporal evolution of spatial distribu-
tion of temperature of molecular hydrogen ions in computational domain, [eV];

9) ROH+ — name of the animation file, which demonstrate temporal evolution of spatial distri-
bution of number density of atomic hydrogen ions in computational domain, [cm™];

10) TH+ — name of the animation file, which demonstrate temporal evolution of spatial distribu-
tion of temperature of atomic hydrogen ions in computational domain, [eV];
Based on the data presented above one can estimate fraction of ionized hydrogen atoms in the

simulation. In the considered case this value is ~4.7 %, which is in agreement with experimental

measurements.

3. Conclusion

In the study results of numerical simulation of Penning discharge in molecular hydrogen ob-
tained using the PIC-MCC method accounting for the process of dissociative ionization are shown.
Presented animation files allow to get an idea of the unsteady phase of gas discharge existence.
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AHHOTANUA

B pabore BBINOIHEHO MOCTUPOBAHNE BPEMEHHOM 3BOJIIOIMH TTa3Mbl pa3psaa [leHHuHra B MO-
JIEKYJISIpHOM Bonopoje mpu p = 0.8 mTopp, anomgHoMm HanpspkeHud 800 B u BHeITHEM oCeBOM
MarauTHOM 11oj1e 330 I'c. Pe3ynbraTel momaydeHsl ¢ momoiipio 2D/3V Merona 4acTuil-B-sucii-
KaxX. DJIeMEHTapHBIC MPOIECCHl MOACTUPYIOTCS MeromaoM MonTe-Kapno. OTiamdauTesHbIM
CBOMCTBOM 3TOM pa0OTHI ABJISETCSA BKIIOYCHHE MPOIIECcCa MUCCOIMATUBHON MOHU3AIMH B MO-
nens paspsina [lennunra. [IpencraBnena BpeMeHHas ABOMIONUS DJIEKTPOCTATUIECKOTO TTOTEH-
[IMasa, mojs, INTOTHOCTH 3apsKECHHBIX YaCTHIl U UX TEMITEPATYPHIL.

KittoueBrlie ciioBa: MOJNIEKYIISIPHBIN BOAOPO, aTOMapHbI BOAOpoA, pa3psna IleHHuHTa, HU3KKE
JIaBJICHUA, BHEIIHEE MarHUTHOE TI0JIE.
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1. Bseaenue

Pa3psn [lenHuHra siBisieTcsi BHICOKOBOJIBTHBIM TJICIOIIMM Pa3psiioM HU3KOTO JABJIEHUS, I10-
MEIIIEHHBIM BO BHENIHee MarHuTHoe noJie. B 1937 romy Ha ero ocHoBe ObLT co3/1aH MaHOMETp [2] 1
C TeX MOp 3TOT pa3ps] Halles IIUPOKOe MPaKTUYECKoe puMeHeHue [3].

HecmoTps Ha T0, uTO pa3psin [leHHMHra N3BeCTEH 10CTATOUYHO JIaBHO, CYILIECTBYET Majo (Kak
SKCIEPUMEHTAJIbHBIX, TAK U TEOPETHUUECKUX) paboT, HAIpPaBJIECHHBIX Ha U3yYEHHE €ro IMPOCTpPaH-
CTBEHHOM CTPYKTYpbI [4—12]. EnnHUYHBIE paOOThI MOCBSIIEHBI UCCIIEI0BAHUIO MJIA3MOXUMUYECKUX
npeBpaleHuil B ra3oBoMm paspsze [lennunra [13-15].

B nanHo#1 paboTe BBINOJIHEHO YMCIECHHOE MOIeIpoBaHue paszpsaa [IeHHuHra B MOJIEKysip-
HOM BOJIOPOJI€, U3YYEHHOM 3KCIIEpUMEHTaNbHO B yHUBepcutere Kanmudopuuu, bepkin. Monensb
paspsna [lennunra, npemioxenHas B [9] monoJiHeHa MPOIIECCOM JUCCOMMATUBHON MOHU3AITUH, YTO
SBJIIETCS OTIMUUTENBHON 0COOEHHOCTHIO MOJIEIMPOBAHUS, BBITIOJHEHHOTO B JaHHOU paboTe, U, B
MEPCIIEKTUBE, O3BOJIET UCCIIEI0OBATh BIUSHUE TAPaMETPOB Pa3psi/ia Ha KOJUYECTBO aTOMApHOTO
BOJIOPO/JIa, HApabATHIBAEMOTO MPU €ro TOPeHUU. Pe3ynbTaThl YNCIEHHOTO MOJIEIUPOBAHUS Ipel-
CTaBJICHbI B BHJIE AaHUMAILlMOHHBIX (aillioB, JEMOHCTPUPYIOIIUX BPEMEHHYIO 3BOJIIOLIUIO JIBYXMEp-
HBIX pacrlpeesieHui 3J1eKTPOCTaTUUYECKOro OTEHIMala, MMoJIeH, MJIOTHOCTEH U TeMIepaTyp 3apsi-
YKEHHBIX YaCTHUI] B Ta30pa3psIAHON KaMmepe.

2. Onucanue BHUIEO0

Ha puc. 1 npencrasiena cxema 3KCIIEpUMEHTAIbHON YCTaHOBKH, IIpeIHA3HAaYCHHAs! ISl UC-
cnenoBanus paspsga [lennunra B MosekyssipaoM Bojgopose [1]. Hunuaapudeckuii aHo I B LIEHTPE
CXEMbl OTMEUYEH CUPEHEBBIM I1BeToM. Kato u anTHKaTo n300pakeHbl CUHUM U 3€JI€HBIM [[BETOM
1 HaXOJIATCS B TOpLAX ra3opa3psiiHON KaMmephl. DIEKTPO/Ibl U3TOTOBJICHBI U3 AIOMUHUS. B aHTH-
KaToJe UMeeTcs OTBepcTre. MarHuTHOE MoJie CO3/1aeTCsl KaTYIIKOM C TOKOM U CYMTAaeTcs MpPaKTh-
YECKHU OJIHOPOJIHBIM B 00bEME pa3psaHON KaMephbl.

DKcrepuMeHTaNIbHbIE HCCIIEI0BaHUs ObLIIM BBITIOJIHEHBI IIPU CIEAYIOLIUX MapaMeTpax: padbo-
ynii ra3 — H», naBnenue 0.8 + 1.0 mTopp, Hanpspkenue Ha aHozie — 600+ 800 B, oceBoit MarHuTHOE
nosie 300+400 I'c, Tok paspsna 3 +4 MA, yIMHA U BHYTPEHHUN TuameTp aHoja — 2.54 cm, o0beM
paspsagHoil kamepsl — 12.9 cM’. B skcrepuMeHTax perucTpupoBasIcs TOK paspsja, a TAKKe IPOBO-
JMIIMCh MacC-CIIEKTPOMETPUUECKHE U3MEPEHMSI COCTaBa Iy4Ka, BHIXO/ISIIETO U3 ra30pa3psiiHOM Ka-
Mepbl. OTMedaeTcs, YTO J10Js1 MOHHW30BAHHBIX aTOMOB BOJOPOJAa B IydKe OOBIUHO COCTAaBIISET
5+10%.

YucneHHoe MOJENMPOBAHNE OMMCAHHOM BBILIIE CUCTEMBI BBIIIOJIHEHO C HCIIOJIb30BAaHUEM MO-
JieNu, ONMcaHHOM B [9], mpu cneayronux napamerpax: aasienue Ho p = 0.8 mTopp, HanpsbkeHue Ha
anojze V = 800 B, oceBoe marautHoe nosie B = 0.033 Tu. Jletanu peain3anuv METOIa YaCTHUII-B-
siueiKax MpuBeNieHbl B padbortax [16, 17]. [Ipomecc auccormaTuBHON MOHM3AMK MoJiekyn Hy mpu
CTOJIKHOBEHHUHU C IEKTPOHAMHU ObLI BKJIIOUYEH B 0a30BYI0 MOJienb pa3psiaa [lenHuHra B MoJsiekysip-
HOM Bogopoe [9]. Ceuenue mporiecca B3sTo U3 [18].

AnumanuoHHble ¢ailsibl (BpeMs aHUMaIlMi COOTBETCTBYET (PU3NUECKOMY BPEMEHHU ~ 26 MKC)
MOKa3bIBAIOT PE3YNbTAThl YUCIEHHOTO MOJEINPOBAHUS IEPEXOIHBIX MPOLIECCOB MPU CTPEMIICHUN
ra3opasps/IHOi I1a3Mbl K CTALlHOHAPHOMY COCTOSHUIO:

1) Fi— uMs aHUManMOHHOTO (ailyia, TeMOHCTPUPYIOIIETO BPEMEHHYIO SBOJIOMIO MTPOCTPaH-

CTBEHHOTO pacIpeesieHUs dIEKTPOCTAaTHIECKOTo oTeHInana, [B];

2)  Ez — umsa aaumarnmonHoro ¢aiiia, 1eMOHCTPUPYIOIIET0 BPEMEHHYIO IBOJIIOIIUIO TTPOCTPaH-

CTBEHHOTO pacIpeiesieHnusi 0CEBOM KOMIIOHEHTHI 3JIEKTPUUYECKOTo moJis, [B/cMm];

3) Er — umsa anHumanuoHHoro ¢aiiia, 1eMOHCTPUPYIOIIETO BPEMEHHYIO 3BOJIIOLIUIO MPOCTpPaH-

CTBEHHOTO pacrpeaesieHus paauaibHOM KOMIIOHEHTHI AJIEKTPUIECKOTOo oJis, [B/cMm];

4)  absE — ums anuManmoHHOTO Qailyia, JeMOHCTPUPYIOLIET0 BPEMEHHYIO 3BOJIIOLUIO IPOCTPaH-

CTBEHHOTO pacrpeiesieHns a0COIOTHOTO 3HAUYEHHUS IEKTPUIECKOTO 1oJis, [B/cm];
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5)  ROe — ums anuMannoHHOTO (haiiya, JeMOHCTPUPYIOIIETO BPEMEHHYIO 3BOJIIOIIMIO TPOCTPaH-
CTBEHHOT'O paclpe/eleHus IIOTHOCTH YKCIa 3IEKTPOHOB B PacUeTHOM 00nacTH, [cM ];

6) Te — umsa anumarMoHHOTO (aitia, TEMOHCTPUPYIOUIETO BPEMEHHYIO YBOJIIOIIUIO TTPOCTPaAH-
CTBEHHOTO pacIpeielieHrs TeMIIePaTyphl JJIEKTPOHOB B pacyeTHOM oOmactw, [3B];

7)  ROH2+ — ums aaumarmonHoro ¢aima, JeMOHCTPUPYIOMIETO BPEMEHHYIO IBOJIOIUIO TIPO-
CTPaHCTBEHHOTO pacHpeesIeHNs IUIOTHOCTU YKCia MOJIEKYJISIPHBIX MOHOB BOJOpOJa B pac-
YeTHOM 001acTH, [cM |;

8) TH2+ — umsa anumanmoHHOTO (aiisia, TEMOHCTPUPYIOIIETO BPEMEHHYIO SBOJIOIMIO IPO-
CTPAHCTBCHHOI'O pacClpCaAcICHUs TEMIICPATYPhI MOJICKYIAPHBIX MOHOB BOJOpPOJa B pacCyeT-
HOM obnactu, [3B];

9) ROH+ — ums anumanuoHHOTO (haiiyia, JEMOHCTPUPYIOMIETO BPEMEHHYIO IBOJIOIUIO IPO-
CTPaHCTBEHHOTO pacIpeieeHHs INIOTHOCTH YUCIIa aTOMapHbIX HOHOB BOIOPO/ia B paCUE€THOM
obmactH, [eM];

10) TH+ — ums anumamoHHoro (aityia, JEMOHCTPUPYIOIIETO BPEMEHHYIO BOJIIOIIUIO TPOCTPaH-
CTBEHHOTO PaCIIpe/IeIeHHs TEMIIEpaTypbl aTOMapHbBIX HOHOB BOJOPO/Ia B paCYETHOM 00J1aCTH,
[>B];

HCXOIL}I U3 NpCACTAaBJICHHBIX JaHHBIX, MOXXHO ONPCACIINTDL JOJI0O HOHU30BaHHBIX aTOMOB BO-
nopoja. B qanHOM citydae 3Ta Benu4yuHa cocTaBisieT ~4.7 %, 4TO HaXOJUTCS B XOPOILIEM COOTBET-

CTBHH C JaHHBIMHU 3KCIICPUMCHTA.

3. 3axiaouyenue

B paboTe nipecTaBiieHbI pe3ylbTaThl YUCICHHOTO MOJICITHPOBaHMS pa3psia [leHHuHTa B MO-
JEKYISIPHOM BOZOPOJIE METOJIOM YaCTHII-B-sTYeHKaxX ¢ y4eTOM IpoIiecca TMCCONMATHBHON HOHM3a-
I1u. Hpe)ICTaBJ'IeHHBIG AHUMAIIUOHHBIC q)aﬁnm MO3BOJIAIOT MOJYUYUTH MMPEACTABIICHHUEC O HECTALIUO-
HapHOU ¢aze ropeHust pazpsiia.

BJ'laFOJIapHOCTI/I H CCBLJIKH HA I'PAHTHBI

PaboTa BemosiHeHa npu noanepxkke Poccuiickoro nayanoro ¢onmga (rpant Ne 16-11-10275).
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