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What happens after coupling laser 
energy to a solid-state target material?
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An Active Research FieldAn Active Research Field

plasmaplasma

targettarget

laser laser 
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“… is still largely 
unexplored at the 
fundamental level.”
J. C. Miller & R. F. Haglund,
Laser Ablation and Desorption 
(Academic Press, New York, 1998)

C. P. Grigoropoulos & S. S. Mao,
Transport in Laser Processing 

(Cambridge University Press, New York, 2008)

Laser-material 

interactions
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ExperimentsExperiments -- ultrafast imagingultrafast imaging
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Ultrafast imaging – inside a solid (transparent)
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Femtosecond Time ScaleFemtosecond Time Scale

Electron number density ne – time/space dependence
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Femtosecond Time ScaleFemtosecond Time Scale

Peak electron number density ne - time dependence
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Femtosecond Time ScaleFemtosecond Time Scale
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Nonlinear absorption

Nonlinear optics
Self-focusing - intensity dependence of refractive index

Electronic excitation - interband absorption

C

V

positive refractive index change

negative refractive index change

0
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Fundamental processes

suppress self-focusing
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100 fs,800 nm
E = 30 μJ

Propagation of electronic excitation in glass

[Appl. Phys. A 79, 1695–1709 (2004)]
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What is happening?
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50 μm

(laser pulse: 35 ps, fluence: 90 J/cm2)

t = 50 ps

50 μm

(laser pulse: 35 ps, fluence: 60 J/cm2)

t = 50 ps

ablation 
laser 
pulse

target Cu

(air)

Picosecond Time ScalePicosecond Time Scale

Picosecond imaging

1 ps = 10 –12 s
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(laser pulse length 35 ps; pictures taken at 20 ps)
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plasma onset

110 J/cm2

regime-2

40 J/cm2

regime-1

50 μm

Threshold for picosecond plasma formation – same as 
the threshold for ablation efficiency reduction:

~ 85 J/cm2  (laser fluence)

~ 1012 W/cm2  (power density)
(threshold for direct laser-induced air breakdown: ~ 1013 W/cm2)
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Threshold behavior
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Ultrafast interferometry
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A large electron 
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(close to target surface)
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Electron number density
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longitudinal plasma extent vs. time

longitudinal expansion is suppressed (t > 50 ps)!
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Longitudinal (z) expansion
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(t > 50 ps: expansion only in lateral direction)

(laser energy: 10 mJ)
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lateral plasma radius vs. time

lateral expansion follows a power law!

Lateral (r) expansion
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Distribution of laser energy (100%):
~ ~ 50% absorbed by the picosecond micro-plasma

~ ~ 50% reaching target surface
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Energy deposition to picosecond plasma
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Theoretical model (laser-solid-gas interaction)

laser heating of target (metal) • electron heating - absorption of laser energy
• lattice heating - electron-phonon collisions

plasma development above target • surface electron emission (seed)
• impact ionization of gas
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Picosecond laser heating of metal target
(different temperatures for electrons and material lattice)
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Transport equations - for electrons/ions/atoms inside the plasma
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t = 0
the peak of the laser pulse

(35 ps Gaussian pulse, 150 J/cm2)
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Electron number density - theory
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longitudinal expansion:
suppressed

(after approximately 50 ps)

simulation
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What is happening?
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Plasma evolution – picosecond to nanosecond

Nanosecond Time ScaleNanosecond Time Scale

time dependence

laser energy dependence

(35 ps, 2 ns)

(35 ps, 7 mJ)

1 ns = 10 –9 s
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Nanosecond Time ScaleNanosecond Time Scale

Plasma development

target

plasma advancement:

~ 106 cm/s
~ 10 μm every 1 ns (1000 ps)
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Nanosecond Time ScaleNanosecond Time Scale
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Plasma shielding – nanosecond
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(3 ns, 2.1x1010 W/cm2)

below threshold

above threshold
(3 ns, 1.8x1010 W/cm2)

10 ns 160 ns 760 ns 1.6 μs 4.9 μs64 ns

100 μm

4.2 μs1.3 μs860 ns200 ns70 ns5 ns

100 μm

Microsecond Time ScaleMicrosecond Time Scale

Plume evolution

1 μs = 10 –6 s
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Threshold behavior
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Theoretical model

solid
~ 1 ns

solid
~ 1 μs

solid
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liquid layer
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Fundamentals

LaserLaser--Material InteractionsMaterial Interactions
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Applications
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Selected ApplicationsSelected Applications

target

substrate

material
plume

Film deposition
* oxide/superconductor films
* nanocrystals/nanotubes

Micro structuring
* direct wave guide writing
* 3D micro fabrication

Materials characterization
* semiconductor doping profiling
* solid state chemical analysis

target

plasma lens

optical spectrometer

mass spectrometer

target transparent solid

microstructure

Laser-material 

interactions
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Applications of Applications of UltrafastUltrafast Laser AblationLaser Ablation

Ultrafast laser ablation (τpulse < tthermal)

Reduced dependence on thermal properties
Reduced  larger cluster particles generation

• Non-thermal ablation regime
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