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Parametric amplifiers

The parametric gain can be used to make optical amplifier
§ These FWM based devices are called optical parametric amplifier (OPA)

If the amplifier is places within an optical cavity providing feedback periodically, we now have a
parametric oscillator (OPO)

The interest in OPAs comes from
§ Large potential bandwidth (> 100 nm)
§ High gain: > 40 dB
§ Fast nonlinear response enable a variety of signal processing applications

An important property of an amplifier is its bandwidth over which the gain is relatively uniform
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FWM summary so far

Parametric processes are phase sensitive
§ Interaction depends on the relative phases of all light beams
§ Effects can only accumulate if phase matching condition is satisfied

Ø If frequencies involved are close to each other
Ø If the chromatic dispersion profile has a suitable shape
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FWM summary so far
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Approximate analytic solution under undepleted pump assumption

a3, b3, a4 and b4 are determined from boundary conditions
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Gain spectrum and bandwidth

We assume that the signal wave at w3 is launched at the input of the amplifier together with a
single pump at w1

§ Practical situation for most OPA
§ Can also launch the ‘idler’ wave at w4 at the input of the OPA (can then obtain phase sensitive

amplification) – more complex analysis

§ Solving the equations, we obtain (similar for a4 and b4)
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Power output

Putting back a3, b3, a4 and b4 in the approximate analytic solutions:

The signal power P3 = |B3|2 grows with z as :

The Idler power is such that P4(z) = P3(z) – P3(0):

𝐵! 𝑧 = 𝑎!𝑒"# + 𝑏!𝑒$"# exp −𝑗𝜅
𝑧
2

𝐵! 𝑧 = 𝐵! 0 cosh 𝑔𝑧 + 𝑗
𝜅
2𝑔

sinh 𝑔𝑧 exp −𝑗𝜅
𝑧
2

𝑃! 𝑧 = 𝑃! 0 1 + 1 +
𝜅(

4𝑔( sinh( 𝑔𝑧

𝑃% 𝑧 = 𝑃! 0 1 +
𝜅(

4𝑔( sinh( 𝑔𝑧

𝑔 = 𝛾𝑃! " −
𝜅
2

"

𝑟 =
𝑃%𝑃"
𝑃!

𝑃! =
𝑃% + 𝑃"
2

𝜅 = ∆𝑘 + 2𝛾𝑃!



Module 8 - 7PHYS - 607 Nonlinear Fibre (Waveguide) Optics| © Prof. Camille Brès, camille.bres@epfl.ch

Amplification factor

The amplification factor is :

It depends on the phase mismatch k.
§ Can become quite small if phase matching is not achieved

Note that the conversion efficiency CE is :
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Non-phase-matched behavior

Consider the limit where linear phase mismatch Dk, strongly dominates nonlinear phase shift:

The amplification factor reduces to a sinc function (single pump case here):
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Phase-matched behavior

Let’s consider the case of perfect phase matching: k = 0 and gL >> 1

The amplifier gain can be approximated as:

Recall that for the single pump case

Maximum gain is when k = 0, i.e. for

Gain exists when is positive, meaning when
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Single pump peak of the parametric gain 

We need , meaning:

If second order dispersion dominates:

§ Note that in order to satisfy such condition, the pump must be in the anomalous dispersion (b2 < 0 )

Peak therefore occurs at Similar to MI: MI Û phase matched FWM !
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Typical gain curve in anomalous dispersion – single pump case
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Typical gain curves

We can still have parametric gain when the pump is located in the normal dispersion (b2 > 0 )
§ Requires a negative b4
§ Since b4 is typically much smaller, the gain will happen at a much larger detuning and over a much

narrower bandwidth.

Anomalous dispersion

Normal dispersion
FWM without phase matching
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Gain bandwidth

In the case of long fibres, the gain bandwidth DW is set by the fiber length
§ It can be estimated as the bandwidth for which 𝜅𝐿 = 𝜋. This is because the gain is reduced roughly

by a factor of 2.

In the small-gain limit (i.e. 2gP0L << p):
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Consideration on the conversion ‘reach’

Parametric conversion condition:

Amplification factor:

+ Low loss, nonlinear medium
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Normal dispersion parametric conversion – effect of dispersion fluctuations
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Another illustration
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Quiz

Two different lengths (5 mm and 20 mm) of the same waveguide are used for parametric
amplification using the same pump (degenerated case). Three different combinations of
length/pump power are tested:
- L = 5 mm and P = 350 mW
- L = 20 mm and P = 350 mW
- L = 5 mm and P = 1400 mW
Match these combinations to parametric gain measured as a function of signal detuning:
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What is a supercontinuum

Narrowband field that experiences massive continuous spectral broadening in a nonlinear medium

The supercontinuum is 50 years old

19

In bulk
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Difficulties and issues with generating SC in bulk

Limitations
§ Walk off
§ Diffraction
§ Strong dispersion resulting in limited broadening
§ There is a need for very high energy which can easily induce damage

Waveguides are the way to go
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Supercontinuum in waveguides

Pulse propagation in a waveguide
§ No diffraction and long interaction length

Dispersion/nonlinearity can be controlled: it is crucial
§ Propagation dynamics depend on the pump wavelength relative to the zero dispersion wavelength
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Supercontinuum 1.0

Quite an easy experiment... Pretty much anything works

But complex system if you want to reach a specific, controlled and well defined performance.
§ The physics of supercontinuum is aresult of the interplay between several nonlinear responses.

‘Anything will lase if you hit it hard enough’, Arthur Leonard Schawlow
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Supercontinuum generation regimes

Long pulses (ns) Short pulses (fs)

Anomalous dispersion

Normal dispersion

Solitons
Dispersive waves

Self-phase modulation
Four-wave mixing

Raman scattering
Four-wave mixing

Modulation instability
Solitons dynamics
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Modeling SCG

Important consideration
§ Window size to avoid wrapping around
§ Temporal and spectral resolution
§ Set size (to avoid FWM artifacts)
§ Use the full experimental Raman model (and not a linearized one)
§ Adjust dispersion to the pumping wavelength
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Quick view of supercontinuum

Broadened spectrum

Anomalous: Soliton dynamics/MI Normal: SPM/OWB
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Short pulse regime and anomalous dispersion 

In the anomalous regime with short pulses the generation of
supercontinuum comes from soliton propagation dynamics:

§ Higher order soliton compression
§ Soliton fission and dispersive wave generation
§ Raman self frequency shift

50 fs, 10 kW input pulses
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A quick glimpse into soliton dynamics – Raman pertubation

Raman perturbation:

§ Parabolic trajectory in the time and frequency – soliton self frequency shift. The frequency shifts
scales as 1/T04

Mitschke and Mollenauer, OL 1986
Gordon OL 1986
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A quick glimpse into soliton dynamics – HOD pertubation

If soliton is near the ZDW, it will be strongly
perturbed:

§ Part of its spectrum will extend in the
normal dispersion regime

Soliton can shed part of its energy to a
wave located in the normal regime if there
is phase matching

§ phase of the soliton = phase of the DW

𝛽 𝜔% − 𝑣&'(𝜔% +
𝛾𝑃
2
= 𝛽 𝜔) − 𝑣&'(𝜔)

∆𝛽 𝜔 = 𝛽 𝜔 − 𝛽 𝜔% − 𝑣&'( 𝜔 − 𝜔% +
𝛾𝑃
2

∆𝛽 𝜔 ≈ 5
*+"

𝜔 − 𝜔% "

𝑚!
𝑑*

𝑑𝜔*
𝛽 𝜔 Way, Menyuk OL 1986

Akhmediev Phys Rev 1995
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A quick glimpse into soliton dynamics – HOD pertubation
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A quick glimpse into soliton dynamics – HOD pertubation

lc visible	DW

mid-IR	
DW
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Higher order solitons

Higher order N-soliton is unstable and sensitive to these perturbations (Raman, HOD …)
§ N soliton breaks unto N fundamental solitons: called soliton fission
§ Multiple fundamental pulses are ‘ejected’
§ Fission length is approximately given by 𝐿&'(( ≈

𝐿)
𝑁 =

𝑇!
𝛾𝑃! 𝛽"
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All together

Soliton fission + DW generation + soliton self frequency shift = SCG
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Short pulses and normal dispersion regime

There are no bright solitons in normal dispersion regime: the dynamics are completely different
§ It is dominated by SPM, optical wave breaking and FWM.



Module 9 - 34PHYS - 607 Nonlinear Fibre (Waveguide) Optics| © Prof. Camille Brès, camille.bres@epfl.ch

• All normal dispersion (ANDi) SCG
§ Self-phase modulation and optical wave breaking

§ Limited broadening

§ Single pulse spectrum

§ Highly coherent, low noise

• Anomalous SCG
§ Soliton dynamics and dispersive wave generation

§ Very large broadening

§ Pulse breaking

§ Incoherent broadening if soliton number is high

Further dispersion engineering: polarization selective SCG

AM Heidt, JOSA B 27 2010

TE

TM
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Polarization selective SCG
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E. Tagkoudi et al., Optics Express 29(14) 2021
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Coherence of supercontinuum 

Spectral coherence: how spectra differs from shot to shot ?

i j k
<100 fs

In NL medium

𝑔%"
(%) 𝜆 =

𝐸' 𝜆 𝐸,∗ 𝜆 '.,

𝐸' 𝜆 " 𝐸, 𝜆 "

Complex degree of first-order coherence:
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Coherence of supercontinuum 

Supercontinuum is not necessarily coherent
§ Can still find many use for imaging, sensing, spectroscopy etc ….

i j k
ps pulses

In NL medium
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Example – anomalous dispersion
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Example normal dispersion
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Supercontinuum generation regimes

Long pulses (ns) Short pulses (fs)

Anomalous dispersion

Normal dispersion

Solitons
Dispersive waves

Self-phase modulation
Four-wave mixing

Raman scattering
Four-wave mixing

Modulation instability
Solitons dynamics

𝑁 =
𝛾𝑃!𝑇!"

𝛽"
≈ 16

COHERENT

INCOHERENT
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Trends in SCG

New materials for fiber SCG
§ ZBLAN
§ Tellurite and chalcogenide PCFs

Towards on chip supercontinuum sources
§ Chalcogenide waveguides
§ Silicon nitride
§ SiGe/Si
§ Ge/Si ….
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Summary of integrated SCG


