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Why short pulses?

Photograph taken by Harold Edgerton, MIT, 1964

… you need a light pulse which is faster than the 
process to be recorded

Fastest incoherent light pulse: 10·10-9 s

When detectors are too slow...

Lasers pulses: duration down to 10·10-18 s

They are the shortest artificial events ever generated

They are the ruler to measure ultrafast events in nature 

Blurry picture 
measured using an 
insufficiently short 
event.
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Electron motion: 10-18 s

Macromolecules dynamics: 10-9 s

Molecular motion: 10-12 - 10-15 s

Age of universe: 
4.3 x 1017 s

Average life of man: 109 s

Heart beat: 1 s

A travel in time and space

Incoherent light

Laser
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Properties of a light pulse

Pulse E(t):
Product between envelope and carrier

33·10-18 10-15 5·10-15 100·10-15 3·10-12

Increasing Optical Cycle (seconds)
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Representation of optical pulses
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J. Paye, IEEE J. Quantum Electron. 28, 2262–2273 (1992)

Chronocyclic Wigner function
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Examples of chronocyclic functions

https://www.gw-openscience.org/GWTC-1/
DOI: 10.7935/82H3-HH23   - https://arxiv.org/abs/1811.12907

The musical score lives
in the time-frequency domain
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Examples of pulses

A. Monmayrant, S. Weber, B. Chatel, J. Phys. B: At. 
Mol. Opt. Phys. 43 (2010) 103001 
doi: 10.1088/0953-4075/43/10/103001

Transform-limited

Group-delay
dispersion (GDD)

Third-order
dispersion (TOD)

Intensity
Phase
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f0

Pulse: Overlap of phase-coherent waves

t
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f0+Δf
f0
f0-Δf

Pulse: Overlap of phase-coherent waves

t
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f0+2Δf
f0+Δf
f0
f0-Δf
f0-2Δf

Pulse: Overlap of phase-coherent waves

t
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f0+3Δf
f0+2Δf
f0+Δf
f0
f0-Δf
f0-2Δf
f0-3Δf

Pulse: Overlap of phase-coherent waves

t
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f0+3Δf, delayed
f0+2Δf
f0+Δf
f0
f0-Δf
f0-2Δf
f0-3Δf, delayed

Pulse: Overlap of phase-coherent waves

t
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Outline

Nonlinear processes: wave equations

Fulfilling phase matching

Second order processes with pulses

 Manley-Rowe equations
 Meaning of phase matching (II)

Corpuscular view of second order processes

 General equation
 Second order processes
 Coupled nonlinear equations
 Meaning of phase matching (I)

 Temporal overlap
 Broadband phase matching

Turn-key sources of ultrashort pulses
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Laser mode locking

A laser is an optical oscillator which consists of an optical amplifying medium 
enclosed between two high reflectance mirrors

MirrorMirror
Laser gain

medium

L

A laser allows longitudinal modes which are spaced in frequency by the resonance 
condition:  ∆ν = c/2L.

In a mode-locked laser all the modes oscillate with a constant phase difference.
How is this locking obtained?
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Laser mode locking: time domain

A mode-locked laser incorporates an ultrafast optical switch, which drives the 
ultrashort pulse generation

MirrorMirror
Laser gain

medium

The saturable absorber transmits the intense laser pulse and absorbs the less 
intense CW radiation

Saturable
Absorber high

abs

low
abs

t

τp = 1/Δν
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Kerr-lens mode-locking

A Kerr medium has a refractive index that depends on intensity, so it acts as 
a lens for the high intensity (pulsed) beam

Together with an aperture it induces a transmission that increases with 
intensity   → saturable absorber
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Chirped pulse amplification (CPA)

 Boosting the oscillator pulse energy 
by many orders of magnitude

 no damage of the amplification 
crystal

Donna Strickland and 
Gerard Mourou

Physics Nobel prize 2018
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CPA laser sources

 Ti:sapphire pumped by green laser: wavelength 800 nm
Pulse energy 1-10 mJ
Repetition rate 1-10 kHz
Pulsewidth: 30-100 fs

 Diode-pumped Yb laser: wavelength 1040 nm
Pulse energy 0.01-10 mJ
Repetition rate 1kHz-2 MHz
Pulsewidth: 150-300 fs

For both these sources the wavelength is fixed
We need nonlinear optics to achieve frequency tunability
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Outline

Nonlinear processes: wave equations

Fulfilling phase matching

Second order processes with pulses

 Manley-Rowe equations
 Meaning of phase matching (II)

Corpuscular view of second order processes

 General equation
 Second order processes
 Coupled nonlinear equations
 Meaning of phase matching (I)

 Temporal overlap
 Broadband phase matching

Turn-key sources of ultrashort pulses
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Tuning by nonlinear optics

Spectral broadening
- third order effect -

Parametric amplification
- Second order effect -
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Nonlinear interactions

C. Manzoni and G. Cerullo, “Design criteria for ultrafast optical parametric amplifiers”, J. Opt. 18, 103501 (2016)
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Nonlinear processes: wave equations 
Starting from Maxwell’s equation for wave propagation:

Weak fields

Polarization:
High-intensity fields
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Nonlinear processes: wave equations 

General wave equation with nonlinear processes:
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In the following: second order nonlinear processes:
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Second order processes

optical rectification
- does not oscillate -

cctiAtiAtE +−+−= )exp()exp()( 2211 ωω

What is the meaning of E(t)2?

 Let’s start from 2 oscillating fields: χ(1)

ω1

ω2

ω1

ω2

2ω1
2ω2

ω1 + ω2

ω1 − ω2

χ(1)

χ(2)

+

Sum frequency generation (SFG) Difference frequency generation (DFG)

Second harmonic generation (SHG)
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Source of second order processes

=

3 interacting waves:

with:

Forcing term for Maxwell’s equation:
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Coupled nonlinear equations 

Where:

Phase mismatch

 Slowly varying envelope approximation :

=
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Example 1: Sum frequency generation

 Negligible depletion of A1(z):
 No A3 field: A3(0)=0

Boundary conditions:

Phase matchingLargest efficiency Smallest g

=



28/53Cristian Manzoni @ IFN-CNR Generation of Ultrashort Pulses

Example 2: Parametric amplification

 Negligible depletion of A3(z):
 No A2 field: A2(0) = 0

Boundary conditions:

A3

Phase matchingLargest efficiency Biggest g

=
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Parametric gain

Signal intensity:
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Meaning of Phase matching (I)

Field 3
Propagation velocity:   𝑣𝑣3 = 𝜔𝜔3

𝑘𝑘3

vPNL = v3 = 0 Phase matching

PNL efficiently deposits energy into ω3 when they propagate with the same velocity:

Source of field 3
Propagation velocity:   𝑣𝑣𝑃𝑃NL = 𝜔𝜔3

𝑘𝑘1+𝑘𝑘2
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Outline

Nonlinear processes: wave equations

Fulfilling phase matching

Second order processes with pulses

 Manley-Rowe equations
 Meaning of phase matching (II)

Corpuscular view of second order processes

 General equation
 Second order processes
 Coupled nonlinear equations
 Meaning of phase matching (I)

 Temporal overlap
 Broadband phase matching

Turn-key sources of ultrashort pulses
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0321 =++
dz
dI

dz
dI

dz
dI

Manley Rowe

After suitable manipulation: I

II

the sum of the energies of the three waves is conserved (in a lossless medium)I

Intensity Ii(z) corresponds to number of photons Ni(z)/Δt:

II
PHOTON CONSERVATION:
when one photon at ω3 is created, two photons at ω1 
and ω2 are simultaneously annihilated
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Corpuscular view of second order processes

ω1 + ω2

DFG - Difference Frequency Generation

ω3

ω1

ω3 − ω1

ω1

ω2

ω1

SFG - Sum Frequency Generation

OPA - Optical Parametric Amplification

ω1: signal

ω2: idler

ω3: pump
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Meaning of Phase matching (II)

ω1 + ω2

ω2

ω1

Nonlinear interaction as a collision of collinear photons:

Energy conservation

Momentum conservation

=

Can be also applied to noncollinear interactions:
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Extension to non-collinear interactions

SFG

OPA / DFG
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Why exponential gain?

ω3

ω1

ω3 - ω1 = ω2

ω1

ω3

ω2

ω3 - ω2 = ω1

ω2

Role of the idler beam...

... which gives rise to a positive loop.
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Tuning range of an OPA

ωp

ωs

ωi

ωs  Energy conservation

 Momentum conservation

Signal and idler: symmetric with respect topis ωωω =+
22

pis ωωω
=

+

2
pω

is ωω =
2

p
is

ω
ωω == Degeneracy pointif

Energy conservation:

Transmission range of the nonlinear crystal

→ →

→

The tuning range of an OPA can be evaluated considering: 
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Example:  Nonlinear Crystal: BBO: absorbs at λ >3 μm (ν <100 THz)
 Laser: Ti:sa (800 nm) or Yb-doped (1030 nm)

Tuning range of an OPA

C. Manzoni and G. Cerullo, “Design criteria for ultrafast optical parametric amplifiers”, J. Opt. 18, 103501 (2016)

Absorption of BBO
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Outline

Nonlinear processes: wave equations

Fulfilling phase matching

Second order processes with pulses

 Manley-Rowe equations
 Meaning of phase matching (II)

Corpuscular view of second order processes

 General equation
 Second order processes
 Coupled nonlinear equations
 Meaning of phase matching (I)

 Temporal overlap
 Broadband phase matching

Turn-key sources of ultrashort pulses
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How to get phase matching?

Phase matching requires  k1 + k2 = k3 equivalent to  ω1n1 + ω2n2 = ω3n3

no phase matching in isotropic bulk materials

< 0 > 0

In a medium with normal dispersion  (dn/dω > 0):

ω1< ω2 < ω3   have refractive index n1 <  n2 <  n3

Phase matching can be written as

ω1n1 + ω2n2 = (ω1+ω2)n3 ω2(n2-n3) = ω1(n3-n1)



41/53Cristian Manzoni @ IFN-CNR Generation of Ultrashort Pulses



42/53Cristian Manzoni @ IFN-CNR Generation of Ultrashort Pulses

Solution: Birefringent crystals

o: ordinary axis
no , ngo , vgo

e: extraordinary axis
ne , nge , vge

ne depends on θ:
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Interaction types

ω1< ω2 < ω3  can have different polarizations:

When 2 fields are extraordinary: θ to be found numerically

Dmitriev V G, Gurzadyan G G, Nikogosyan D N and Lotsch H K V, Optics of nonlinear crystals: Handbook of Nonlinear 
Optical Crystals, Springer Series in Optical Sciences vol 64 (1999)

Finding the phase-matching condition means:

calculating, for a given Type, the angle θ that satisfies  ω1n1 + ω2n2 = ω3n3
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Example 1: Phase matching curves of a visible OPA
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Example 2: Phase matching curves of an IR OPA
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Outline

Nonlinear processes: wave equations

Fulfilling phase matching

Second order processes with pulses

 Manley-Rowe equations
 Meaning of phase matching (II)

Corpuscular view of second order processes

 General equation
 Second order processes
 Coupled nonlinear equations
 Meaning of phase matching (I)

 Temporal overlap
 Broadband phase matching

Turn-key sources of ultrashort pulses
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Broadband gain: general calculation

Broadband phase-matching:   Δk small over a large range of frequencies

OPA

SFG
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C. Manzoni, D. Polli and G. Cerullo, Rev. Sci. Instr. 77, 023103 (2006)

D. Brida et al., J. Opt. A 13, 013001 (2010)

OPA pumped by Ti:Sapphire laser
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Ti:sa - Generation of UV pulses

R. Borrego-Varillas et al., Appl. Sci. 8, 989  (2018)

The idea: sum frequency generation between broadband and narrowband pulses

ω

Frequency domain: spectral shift

Broadband
UV pulse

SFG

Narrowband pulse

Broadband pulse

NOPA

R. Borrego Varillas et al., Opt. Lett. 39, 3849-3852 (2014)
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OPA pumped by Yb laser (2ω seeded 3ω pumped)

“Sub-20 fs µJ-energy pulses tunable down to the near-UV from a 1 MHz Yb-fiber laser 
system,“ M. Bradler and E. Riedle, Opt. Lett. 39, 2588 (2014).

• Tuning from 395-650nm

• 1.2 µJ pulse energy in the maximum
500 nJ over the tuning range

• Sub-20 fs pulses and 
sub-10 fs Fourier limits

Courtesy of prof. E. Riedle
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Outline

Nonlinear processes: wave equations

Fulfilling phase matching

Second order processes with pulses

 Manley-Rowe equations
 Meaning of phase matching (II)

Corpuscular view of second order processes

 General equation
 Second order processes
 Coupled nonlinear equations
 Meaning of phase matching (I)

 Temporal overlap
 Broadband phase matching

Turn-key sources of ultrashort pulses
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