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Lasers in Material Science

▪ Analysis

▪ Processing

▪ Modification

▪ Creation

▪ Manufacturing

▪ …

Laser

Properties:

•  Energy / Fluence

•  Focusing

•  cw / Pulse 

•  Pulse Duration/Shape

•  Wavelength
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Lasers in Material Science Light

Amplification

by

Stimulated

Emission

of

Radiation

Amplifier

Feedback  

=>  oscillation build-up

Resonator

(Mirrors)
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Lasers in Material Science Light

Amplification

by

Stimulated

Emission

of

Radiation
1903

E*

E0

EmissionAbsorption Stimulated Emission

Rate Equations Amplification:

n = (𝑛∗ − 𝑛0) > 0   

Population Inversion

Boltzmann Distribution
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𝑑𝑛0
𝑑𝑡

= −𝐵𝜌𝑛0 + 𝐵𝜌𝑛∗ + 𝐴𝑛0

𝑑𝜌

𝑑𝑡
= 𝐵𝜌(𝑛∗ − 𝑛0)

n0 , n* : population of levels E0, E*

 :   photon density (~ E 2)

A ~ 1/ : Einstein coefficient of 

spontaneous emission

( : lifetime of state E0)

B :  Einstein coefficient of 

stimulated emission
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Pumping: Establishment of population inversion

3- or

4-level 

systems

Lasers in Material Science

REAL laser gain media:  more than two levels
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Lasers in Material Science

Combination of gain-medium/pumping and resonator (cavity)

=> Laser properties

• wavelength, monochromacity, bandwidth

• beam profile

• continuous wave (cw) / pulsed operation

• power • pulse energy

• repetition rate

• pulse duration

• pulsed pumping [ms, µs]

• Q-switch (giant pulse) [ns]

• mode-locking

[very (ps) / ultra (fs) short pulses]
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Lasers in Material Science

Resonators (cavities)

I() I(L) = I0 exp {-( )L}  (Beer‘s Law)  

I(L) = I0 exp {g( )L}  (g : gain)  

resonator axis high gain

low gainM 1 M 2
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Lasers in Material Science

Resonators (cavities) : transverse modes (TEM)

resonator axis high gain

low gainM 1 M 2
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Lasers in Material Science

Resonators (cavities) : longitudinal modes

resonator modes

spectral

gain profilenet gain

threshold

time

mode beating
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Lasers in Material Science

Resonators (cavities) : longitudinal modes

resonator modes

spectral

gain profilenet gain

threshold
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Lasers in Material Science

Resonators (cavities) : short pulses
Q-switch

(10 ns)

Laser power

Cavity quality (Q)
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Lasers in Material Science

Resonators (cavities) : short pulses
mode locking

(5 fs … 100 ps)

frequency [GHz]
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Lasers in Material Science

Resonators (cavities) : short pulses
mode locking

(5 fs … 100 ps)

chirped pulse amplification

oscillator stretcher amplifier compressor

compressor stretcher
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Lasers in Material Science

Free electron laser (FEL)

accelerator
(relativistic electrons) undulator

(alternating B fields)

radiation from accelerated charges
(relativistic electrons; cf. Synchroton radiation)
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Beam Propagation

Diffraction

Lasers in Material Science
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Beam Propagation

Diffraction

Gaussian Profile  (M2 = 1)

Lasers in Material Science

Gaussian Beam TEM00

(diffraction limited)
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Beam Propagation

Gaussian Beam TEM00

Lasers in Material Science

beam diameter

beam waist

divergence

wavefront radius
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Beam PropagationLasers in Material Science

Influencing beam propagation by optical elements (lenses, diaphragms, …)

=>      Calculate effect by Fourier Transform 

x

f (x)

kin (r) kout (r, x)

kout (r, x) = FT {f(x)kin(r)}

field distribution at the 

exit of optical element
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Beam PropagationLasers in Material Science
some problems/difficulties

• Focusing

• Attenuation

• Short pulses

− tightest focus for diffraction limited beams (TEM00; M
2 = 1)

− all other beams have wider focus (incoherent, higher TEM 

modes …)

− attenuation by reduced pump power or grey filters results in 

changing beam divergence (thermal lenses, Kerr lenses) 

− better: passive attenuation, polarization optics

diffraction (glass) induces chirp

− larger pulse duration

− Reduced beam quality

Kerr Medium: n = n0 + n‘ I

/2-plate
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Beam Shaping
(spatio-temporal)

Lasers in Material Science

SLM
spatial

light 

modulator
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Beam Shaping
(spatio-temporal)

Lasers in Material Science

J. Houzet, N. Faure, M. Larochette, A.-C. Brulez, S. Benayoun, C. Mauclair; Opt. Express  24, #257603 (2016)
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Lasers in Material Science

Special Application:

Laser Induced Periodic Surface 

Structures (LIPSS, ripples)
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• Orientation strongly

polarization dependent

• Different feature size:
sub-Laser wavelength (HSFL; 

high spatial frequency LIPSS)

about Laser wavelength (LSFL; 

low spatial frequency LIPSS)

much larger than Laser 

wavelength (grooves, cones)

Lasers in Material Science

Special Application:

Laser Induced Periodic Surface 

Structures (LIPSS, ripples)

HSFL

LSFL
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Lasers in Material Science   Laser Induced Periodic Surface Structures (LIPSS)
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(surface) instability =>   fast relaxation

new pathways: nonlinear dynamics

self-organized structure formation

H.O. Jeschke et al.,  

Appl. Surf. Sci. 197-198, p. 839, 2002. 

Laser

Ion 

beam

Photo:  Gediminas Raciukaitis

Lasers in Material Science   Laser Induced Periodic Surface Structures (LIPSS)
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Lasers in Material Science   Laser Induced Periodic Surface Structures (LIPSS)

Large area coverage (line scans) => very regular structure (esp. on metals)

ν= 1 

mm/s

ν= 3 

mm/s

ν= 4 

mm/s

ν= 6 

mm/s

ν= 1 

mm/s

ν= 8 

mm/s

ν= 10 mm/s

stainless

steel
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Lasers in Material Science   Laser Induced Periodic Surface Structures (LIPSS)

Large area coverage => modification of wettability

M.N.W. Groenendijk, Twente

[The LPM2006 Outstanding Student Paper Award (Oral)] 

Hydrophobic

Hydrophilic

cf.:

A.Y. Vorobyev, Chunlei Guo,

Laser Photonics Rev. 7, 385–407 

(2013)
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Lasers in Material Science   Laser Induced Periodic Surface Structures (LIPSS)

Large area coverage => modification of wettability

Comparison

Silicon vs. 

Steel

θ ≽ 145°

➢ Stainless steel (aged)         hierarchical patterns 

Super-Hydrophobic

Aging or Topography?

➢ Stainless steel

fine ≈ 650 nm

Λcoarse ≈ 2 µm  

Hydrophilic (θ ≈ 13°)Hydrophobic (θ ≈ 125°)

fine ≈ 550 

nm

coarse ≈ 2 

µm

➢ Silicon
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Lasers in Material Science   Laser Induced Periodic Surface Structures (LIPSS)
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