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Capillary Discharge ExperimentsCapillary Discharge Experiments

CAPEX CAPEX ((Dept. Pulse Plasma Dept. Pulse Plasma SystemsSystems, , K.KolK.Kolááččekek))

ABLATIVE CAPILLARY (ABLATIVE CAPILLARY (Dept. Physical Dept. Physical 
ElectronicsElectronics, A. , A. JanJanččáárekrek))

NONNON--ABLATIVE CAPILLARY (ABLATIVE CAPILLARY (Dept. Physical Dept. Physical 
ElectronicsElectronics, A. , A. JanJanččáárekrek))
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CAPEX CAPEX -- Argon filled Argon filled capillarcapillaryy
Institute Institute ofof Plasma Plasma PhysicsPhysics AS CRAS CR

Experiment: K. Koláček et al.
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Measured and fitted discharge currentMeasured and fitted discharge current
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PinchingPinching Plasma Plasma SimulationsSimulations
forfor CAPEXCAPEX

Simulations: P. Vrba, N.A. Bobrova, P.V. Sasorov
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EEvacuatedvacuated polyacetalpolyacetal capillarycapillary
CTU in PragueCTU in Prague

Discharge system                         Diagnostics

A. Jančárek et al.
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EEvacuatedvacuated polyacetalpolyacetal capillarycapillary
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Time dependences of axial values of Time dependences of axial values of 
electron temperature and densityelectron temperature and density
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Evaluated gain factorEvaluated gain factor
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G = G = σ σ {N{N22 –– (g(g22/g/g11) N) N11}}
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THERORETICAL CONTRIBUTIONSTHERORETICAL CONTRIBUTIONS
(INTERNATIONAL COOPERATION)(INTERNATIONAL COOPERATION)

Estimation Estimation ofof thethe ElectronElectron TemperatureTemperature in in 
LiLi22COCO33 Ablative Ablative CapillaryCapillary ((AustrianAustrian –– CzechCzech-- RussianRussian))
XenonXenon CapillaryCapillary DischargeDischarge as a as a SourceSource ofof Soft Soft 
XX--RayRay ((FrenchFrench--CzechCzech--RussianRussian))
PinchingPinching DischargeDischarge in in NitrogenNitrogen FilledFilled
CapillaryCapillary ((CzechCzech-- RussianRussian))
ZZ--PinchPinch in Argon in Argon FilledFilled CapillaryCapillary ((CzechCzech-- RussianRussian--

JapaneseJapanese))
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CooperationCooperation -- ProjectsProjects
1998, 1999 1998, 1999 –– KONTAKT (CzechKONTAKT (Czech--AustrianAustrian-- TU TU GrazGraz))

19991999--2001 2001 –– GAGAČČR (IPP , FNSPE)R (IPP , FNSPE)

20002000--2004 2004 –– Laser Plasma Laser Plasma ResearchResearch Center (IP, IPP,Center (IP, IPP,

20002000--2007 2007 –– INGO Program (INGO Program (ReserchReserch in in thethe frameframe ofof InternationalInternational Center Center 
forfor DenseDense andand MagnetizedMagnetized Plasma)Plasma)

20022002--2004 2004 –– KONTAKT (KONTAKT (CapillaryCapillary DischargeDischarge OptimizationOptimization, Czech, Czech--JapanJapan

______________________________________________________________________________________________________

LongLong term term cooperationcooperation betweenbetween IPP IPP andand FNSPE FNSPE 

LongLong term term cooperationcooperation withwith ITEP (N. Bobrova, P. ITEP (N. Bobrova, P. SasorovSasorov))

InformalInformal cooperationcooperation withwith GREMI (C.GREMI (C.CachoncinleCachoncinle, O., O.SaroukhSaroukh ––student student 
exchangeexchange))

PreparedPrepared cooperationcooperation withwith Universita dUniversita d´́AquilaAquila (G.(G.TomassettiTomassetti))
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CooperationCooperation withwith TU TU GrazGraz

• Li2CO3 capillary discharge

• records at various delay times with gating interval 5 ns 

• oxygen, lithium and fluorine ions identified
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CollaborationCollaboration withwith GREMI OrleansGREMI Orleans
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Ionization state Ionization state ofof XeXe vsvs plasma electron plasma electron 
temperaturetemperature
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XeXe plasma plasma dynamicsdynamics
((multiplemultiple reflectionsreflections))
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The spaceThe space--time dependences of electron time dependences of electron 
temperature temperature TTee
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CollaborationCollaboration withwith TIT TokioTIT Tokio

Argon filled capillary discharge for EUV laser Argon filled capillary discharge for EUV laser 
pumpingpumping ((P. VRBA, N. A. BOBROVA, K. HORIOKA, E. HOTTA, P. V. P. VRBA, N. A. BOBROVA, K. HORIOKA, E. HOTTA, P. V. 
SASOROV, SASOROV, A. STEPANOV, M. VRBOVAA. STEPANOV, M. VRBOVA))
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Ion Ion kineticskinetics andand spectraspectra evaluationevaluation

Validity of the model prooved
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LLasasinging wavelengthwavelength

Argon:     46.9 nm

Carbon:   18.2 nm

Nitrogen: 13.4 nm



21FJFI240904

Nitrogen filled capillary Nitrogen filled capillary 
recombination pumpingrecombination pumping

• Laser transition – Balmer α line

• Lasing  wavelength – 13.5 nm

• Pumping scheme 

1. Heating during the pinch

2. Fully ionized nitrogen 
atoms produced

3. Quick plasma cooling 
during the pinch decay

4. Three body recombination 
in under-cooled plasma
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Pinch evolution in nonPinch evolution in non--ablating ablating 
nitrogennitrogen filledfilled capillarycapillary
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TheoreticalTheoretical AnalysisAnalysis

Gain factor

Experiment suggested

Imax= 50 kA, T1/4= 40 ns
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OUR GOALSOUR GOALS

To To developdevelop a a methodmethod ofof optimizationoptimization ofof
pinchingpinching dischargedischarge in in nonnon--ablatingablating capillariescapillaries

To To realizerealize EUV laser EUV laser recombinationrecombination pumpingpumping
duringduring pinchpinch decaydecay

To To getget lasinglasing atat thethe wavelengthwavelength ofof 13 13 nmnm
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CooperationCooperation expectedexpected ((plannedplanned))

Tokio Institute Tokio Institute ofof Technology (Japan)Technology (Japan)
furtherfurther progamprogam shoudshoud bebe agreedagreed

University University ofof AquilaAquila (Italy)(Italy)
nitrogennitrogen pinchpinch modellingmodelling, , 
experimentsexperiments withwith nitrogennitrogen filledfilled capillarycapillary preparedprepared

TroitskTroitsk Institute Institute forfor InnovationInnovation ((RussiaRussia))
modellingmodelling ofof EUV EUV radiationradiation spectraspectra

Institute Institute ofof TheoreticalTheoretical PhysicsPhysics ((RussiaRussia))
MHD MHD codecode improvingimproving
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ConclusionConclusion

AnyAny comentcoment,,
suggestionsuggestion
ideaidea
forfor futurefuture cooperativecooperative activitiesactivities are are 
highlyhighly appreciatedappreciated..


