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Experimental arrangement Electrostatic ion energy analyzer

Laser wavelength effects on the charge 
state resolved ion energy distributionsa

Laser wavelength effects on the spatial 
evolution of the charge state distributionc

Numerical simulation of plasma expansion 
into vacuum
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Experimental technique to measure spatial variations in the charge 
state distribution
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Angular distribution measurements to determine ‘p’ for the CO2 LPP

Results and explanation of experiments to determine critical length
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• LCR < 6 cm for the Nd:YAG LPP

• LCR > 60 cm for the CO2 LPP

• LCR is derived by balancing energy 
lost in hydrodynamic expansion with 
energy released in three-body 
recombinationd

• More energy is released in three-body 
recombination at the shorter laser 
wavelength

Sample time-of-flight data from the 
electrostatic ion energy analyzer

Significant absorption occurs at the 
critical density, which controls the 
initial density of hot plasma:
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The dominant recombination 
mechanism in the expanding plasma 
is three-body recombination:
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Nd:YAG ion spectrumCO2 ion spectrum

The data fits approximately with an 
electrostatic model of ion accelerationb
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‘Recombination model’ geometry
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• for Nd:YAG, T ≈ 50 eV

• for CO2, T ≈ 40 eV

Zero dimensional model illustrates the importance of the decay of Te

One dimensional lagrangian hydrodynamics and atomic physics 
simulation of plasma expansion into vacuum
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Three-body
recombinationf

Radiative
recombinationg

Electron impact 
ionizatione

• Nm(t=0) determined by CRSS modelh
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• ne0 = 1020 cm-3, te0 = 50 eV, R0 = 100 µm, 
u0 = 3x106 cm/s

• Expansion must be non-adiabatic (α>‐2)
to preserve high charge states in the far 
expansion zone

<Z> after 1 m of expansion
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Initial spatial distributions (0<r<r0)

22
3 1

e i e
e

ei

dT T Tr QT
dt r Zτ

−
= − + +

+
Excess energy of 

three-body 
recombination 

Temperature 
relaxation

Expansion

Electron energy balanceSimplified algorithm

i) Initialize r, u, Te, Ne, Ni,z, <Z>, p, ρ

ii) Calculate du/dt and dt for stability

iii) Update r and u by leapfrog method

iv) Calculate Ne, Ni,z, Te from t to (t+dt) 
using rate equations

v) Update p, ρ, <Z>; repeat (ii) thru (v)
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Conclusions
• A longer laser wavelength leads to:

- Higher charge state ions in the far 
expansion zone

- Longer distance over which the 
charge state distribution evolves

• Ion acceleration can be interpreted by 
an electrostatic model

- Te is lower at the longer laser 
wavelength

• Ion acceleration can be interpreted by 
a recombination model

- Presence of high charge state ions 
in the far expansion zone is a 
result of non-adiabtic decay

• How does laser wavelength affect the charge states and energies of ions in the far expansion zone?

• How does laser wavelength affect the spatial evolution of the charge state distribution during 
plasma expansion into vacuum?

• How can the experimental measurements, recorded at distances very far from the target surface as 
compared the initial spot size, be used to infer plasma properties near the target surface, at the scale 
of the spot size?

• How does this work influence the EUV x-ray source application?
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