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1. Introduction to short pulse generation



Principles of Laser

1. Transversal Electromagnetic Modes
(a Gaussian in general) Geometry of a Gaussian beam

D=diameter;
f=focal length 
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Ref.0 J. Alda. Encyclopedia of Optical Engineering (2003)



Principles of Laser

2. Longitudinal modes



t I
Light travels 300 nm in 1 fs! 30 fs, 3.6 mJ: Ppeak=0,12 TW (120 GW)

I=1017 W/cm2

Why ultrashort pulses are interesting?

t < 1 ps (10-12 s) ;          1 fs = 10-15 s



• Fourier Transforms (E/t):

   




 


  deEt ti

2

1

   



 dtetE ti




2

1

Ultrashort pulse generation



•There is a relation between the pulse duration and the spectral 
bandwidth of a laser:

Long pulse

Short pulse

Irradiance vs. time Spectrum

time

time

frequency

frequency

Ultrashort pulse generation



• Temporal field:

44.0 t

• Spectral field:

t w

Ultrashort pulse generation

 E

Field:

Intensity:

Time-bandwidth product

(Fourier Transform Limit)



F(t)

Gaussian 0.44

Lorentzian 0.18

Sech2 0.31

Rectangular 0.80

ΔνΔt

Ultrashort pulse generation

The gain curve of the active medium of a laser will limit the pulse duration.



• Typical active media

• Dye lasers.• Solid state lasers

Ultrashort pulse generation

• Erbium and Yterbium doped optical fibers • Pulsed diode lasers (10’s-
100’s of ps. Suitable only for SPA-
TCT)



But, to have a large bandwidth is not enough to get ultrashort pulses ...

44.0 t

Ultrashort pulse generation



• Multimode regime

Ultrashort pulse generation

Mode locking

N ↑, Δt ↓

• Longitudinal modes. 
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Modulation introduces side-
bands.

Spectral Domain: Fourier Transform of E(t)cos(wMt):

Ultrashort pulse generation

Time Domain: E(t)cos(wMt):



• Mode locking (ML) methods

• Active ML.

Ultrashort pulse generation

• Passive ML.

Ker lens ML (KLML).Saturable absorber
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Typical performance of an ultrashort pulse oscillator

Ultrashort pulse generation

• Rep rate: 1-80 MHz
• Pulse energy: 0.1 nJ - 10 nJ
• Pulse duration: 5 fs - ps
• Wavelength: 800 nm (Ti:Sap); 1035 nm (Ytterbium doped fiber); 
1050 nm (Yttebiym doped solid state); 1550 nm (Er doped fiber).

Ref.1 Almagro-Ruiz et al. Applied Optics. 61, No. 32, p9386 
(2022)



2. Pulse propagation issues
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¿Which is the effect of Φ(t)?

Pulse propagation



• Pulse with linear phase.
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Pulse propagation



• Non linear phase (quadratic term).
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Pulse propagation



• When a pulse propagates in a medium its phase is modified
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Pulse propagation



• Constant spectral phase . 
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FT
Constant term in the time 
phase. (t)=0. (FTL)

Constant term in spectral phase
(All spectral components sifted by the same amount)

Pulse propagation

FT Pulse delay. Temporal phase 
still constant. (FTL)

Linear term in the spectral phase

FTQuadratic term in the spectral phase
(GVD)

-Non linear temporal phase.
- chirp (linear)
- Longer pulse



• How to calculate the GDD introduced by a transparent material of 
thickness L.

GVDLGDD
n

c
GVD 












2

2

2

3

2 






2

2


n n

Pulse propagation

See Diels-Rudolph book



• How to calculate the width (duration) of a pulse after the propagation a 
distance L in a transparent material.

t
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Pulse width of a λ=1550nm pulse after  0.3 mm Si.

(GDD=350 fs2)

Pulse propagation

Ref.2. Walmsley et al. Rev. Sci. Instrum. 72, 1–29 (2001)



• How to determine the amount of dispersion in a pulse (GDD) as a 
function of experimental observables.
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Pulse propagation

•We know how to predict the GDD that an optical element will introduce.
•We know to calculate the width (duration) of a pulse after the propagation 
a distance L in a transparent material with certain GDD.
•We know how to determine experimentally the amount of dispersion in a 
pulse (GDD).

But

How can we manipulate the phase of a pulse?



4. Laser mater-interaction



Non-linear optics

When a light wave propagates through a optical medium (dielectric) the field generates a 
polarizing force on the electrons. 

P=0E
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For very high intensities, P is ”non linear”

Complex refrective index in a plane wave

Exponential decay of the amplitude with z: Lambert-Beer law



Non-linear optics

•DC components.
•AC components at 2w1, 2w3, w1+w2, w1-w2 (weigthed by (2))

• Second order Susceptibility (2)

Consider this bichromatic wave:



Non-linear optics

2

1+2

1-2

(SFG)

(DFG/OPA)

(SHG)

(Ref.3. G. H. Wagniere, S. Wozniak. Nonlinear optical properties. Encyclopedia of Spectroscopy and Spectrometry, Third 
Edition. (p375))



• Non centrosymmetric and birefringent  with large χ(2).

• Crystal cut and orientation must satisfy phase matching condition.

• Transparent for the wavelengths involved.

Non-linear optics

Non linear optics tutorial at Thorlabs webpage: https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=15444



Non-linear optics

• Third order Susceptibility (3)

Parametric (non-resonant) interactions Non linear refractive index

3

FWM

(Ref.4. Del Coso et al. J. Opt. Soc. Am. B/Vol. 21, No. 3/March 2004)

• I=I(r); Self-focusing

• I=I(t); SPM
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(Ref.5. Wiehe et al.. IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 68, NO. 2, 2021

Brad Amos, MRC, Cambridge.



Thanks!



5. Pulse diagnosis



To resolve in time a physical event
we need a faster one

How do we measure them?

Ultrashort pulses are the shortest technological events…



Intensity autocorrelation

To measure the non collinear SHG and at different time delays between the two 
pulse replicas. 

The Intensity 
Autocorrelation:
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Figure extracted from Prof. Rick Trebino’s lectures (https://www.frog.gatech.edu/talks.html)



Intensity autocorrelation

To measure the non collinear SHG and at different time delays between the two 
pulse replicas. 

The Intensity 
Autocorrelation:

   (2) ( )A I t I t dt 




 

SHG
crystal

Pulse to be 
measured

Variable  
delay, 

Detector

Beam
splitter

E(t)

E(t–t)

Esig(t,t)

Figure extracted from Prof. Rick Trebino’s lectures (https://www.frog.gatech.edu/talks.html)

Non linear detector:
𝑆𝑖𝑔𝑛𝑎𝑙 = 𝛽ଶ 𝐼ଶ(𝑟, 𝑧, 𝑡)



Some examples of lasers for TPA in Silicon 

Type Peak power Pulse duration Robustness Compact

Ti:Sapp + OPA
(UPV/EHU) *** *** * *

Er doped fiber
(TPA setup at Geneva 

& Santander) 
* * *** ***

Yb doped fiber +OPA
https://www.thorlabs.com/newgrouppa

ge9.cfm?objectgroup_id=13308 ** ** *** ***
Yb doped solid
state+OPCPA

https://lightcon.com/product/orpheus-
opcpa/#drawings

*** *** ** **



Interferometric autocorrelation

In collinear configuration …

Developed by 
J-C Diels

2(2) 2( ) [ ( ) ( )]IA E t E t dt 



  

2(2) 2 2( ) ( ) ( ) 2 ( ) ( )IA E t E t E t E t dt  



    

Filter Slow 
detector

SHG
crystal

( ) ( )E t E t  
2[ ( ) ( )]E t E t  

Lens

Beam-
splitter

Input
pulse

Delay

Mirror

Mirror

E(t)

E(t–)

Michelson 
Interferometer

Figure extracted from Prof. Rick Trebino’s lectures (https://www.frog.gatech.edu/talks.html)



Frequency resolved optical gating (FROG)

Grenouille

FROG

Figure extracted from Prof. Rick Trebino’s lectures (https://www.frog.gatech.edu/talks.html)


