
The Pinch Plasma of the Philips Extreme UV Source
Thomas Krücken, Philips Research Laboratories, Weisshausstr. 2, D-52066 Aachen

EUV Spectrum of Xe and reflectivity of
Mo/Si Mirrors
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Modeling of
• Electrical circuit
• Pinch dynamics
• Ionisation/Recombination
• Radiation
Plasma Material Function from ADAS (Univ. of
Strathclyde, Glasgow), calculated from first principles:
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•P ower radia ted from each ion

•Ionisa tion Ra tes  for each ion

•Recombina tion Ra tes  for each ion

•S pectra of each ion

Zero dimensional dynamic pinch model, 
coupled to circuit equations,                  circuit , pinch with L(t), R(t):
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Zero Dimensional Dynamic Pinch Model  (1)
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Total Energy
per pulse:
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Bypass caused by Photoionisation of
outer gas
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Bypass Resistance:
electrode fall + collisionless, quasineutral plasma
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Dynamic ionisation of outer gas

Current/Voltage Characteristics

Impo rtant co mparis on with me as ure me nts ,
agree ment require s  bypass  c urrents

Pho toio nis ation of oute r gas  opens
Bypas s  c hanne l

• Magnetic compression (pinching)
of Xe plasma

• Current several ten kA during pinch
phase

• Pinch time ~ 100ns

• Te ~ 50eV

• EUV radiated by highly ionized Xe:
Xe+8 ... Xe+12

• EUV in 13.5 nm band
mainly radiated by Xe+10

Pinch Phase after ignition
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Supersonic implosion phase, snowplough with 
shock front preceding magnetic piston:

Momentum equation, piston radius, starting at a:
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Zero Dimensional Dynamic Pinch Model  (2)

Equation for shock front 
(equilibrium of thermal and shock pressures):
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Pinch Radii and Electron density

• piston/shock radii;                                      electron/ion density

Ele c tro n density change s  ve ry fas tVe loc ities  o f orde r ~20000 m/se c

Energy equations for electron Temperature:

Zero Dimensional Dynamic Pinch Model  (3)
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Energy equations for ion Temperature:

R: Spitzer Resistivity;     Qei: Energy exchange electrons-ions

 Radiation Power, tabulated from ADAS,
 based on CR population of excited states
 of each ionisation stage + escape factors 
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Temperatures of Electrons/Ions

Ele c tro ns  mos tly he ated ohmically,
lo os e energy via ionisatio n, radiation

Io ns  he ated by magne tic
c ompres s ion/s hoc k he ating

e ne rg y trans fe rre d to  e le ctrons
at high de ns itie s

-200.0n -100.0n 0.0 100.0n 200.0n 300.0n
-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

vo
lta

ge
 (1

0 
kV

)

time (s)

 d
io

de
 (V

)

EUV(t) U0(t)

Radiation
Radiation from ions with ionisation stage ≥≥≥≥ 8 is considered EUV

Exce llent agree ment of trans ie nt
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Zero Dimensional Dynamic Pinch Model  (4)

Ionisation dynamics to compute abundancies Aionstage of all ion stages:
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Axial Particle Losses:
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Ionisation and Recombination rates of each ionisation stage,
including dielectronic processes, tabulated from ADAS 

Ionisation dynamics

Io nis ation/rec ombination mus t be  tre ate d dynamically
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Energy Balance of Plasma/Circuit

Summary and Outlook

• Excellent  agreement with all experiments with respect to
different parameter variations

• Model has been successfully applied to maximise inband
radiation at 13.5 eV (from Xe XI)

• 2d-model to calculate axial pinch/radiation geometry

• Calculate atomic data for other elements

Reference (ADAS):
H. Summers et al., Atomic Data and its Utilisation at the Jet experiment,
Plenum Press Series Physics of Photons and Molecules,
Photon and electron collisions with atoms and molecules,
edited by P.G. Burke, C.J. Joachain  (1997), page 265 .

Philips Extreme UV:  HCT Pinch as source
"Hollow Cathode Triggered Pinch"

Joint Venture of

Philips Extreme UV  &  Fraunhofer ILT

• Hollow Cathode
– defined ignition &  triggering
– ignition at “left hand side” of

Paschen curve

• High current pinch discharge
– "pseudo spark discharge"
– production of hot plasma

by magnetic (self-)compression
– intense EUV radiation

Hollow 
Cathode Anode

Trigger 
Electrode

U0 ~ 10 kV

C


