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Optical frequency combs

Ti:sapphire fs laser Fiber systems

“Rulers” in the frequency domain
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Cavity solitons

Solitary wave in water

~

Key properties:

- Cavity soliton:
Rigid form

Localized within a region
Upon interaction with other solitons
remain unchanged (minus a phase shift)

Scott Russell, 1834 Quantum cascade lasers?

Diffraction Nonlinearity Dispersion Nonlinearity
Gain Loss Gain Loss

2D: Spatial CS @2 1D: Temporal CS &2

> >

Kerr microresonators

Semiconductor microcavities R e TR Input Kerr cavity Output
rins i :a P Cw Pk Solitons
{f/l’ Ibrlecaisnent h'.., ..-., k',-, . i ) oW t Frequency t
“ . z‘.o H%o "btsfi\;f" P com
P | =
_:ﬂ" o wl:m” > alllf ‘ ‘H\ w
Y e a
: nzﬂ: ﬁ. . m 1.85ps . I
. AL L : Lugiato-Lefever equation
Write and erase solitons 5 0 A Dy %4 ,
g —— EW— glAI"A + (x/2 +iA) A = \/nxs
L HI\HHU
Time (Gpsdiv™")

S. Barland et a/,, Nature 419, 699 (2000)

Dissipative soliton circulating in a driven nonlinear cavity

3D: Cavity light bullets

Nonlinear resonator with
saturable absorber

Transverse and longitudinal confinement
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What makes quantum cascade lasers unique”?

« Unipolar semiconductor lasers
« Emission can be tailored from the mid-IR to the THz by bandstructure engineering

« CW and pulsed mode up to several watts of optical power
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Fabry-Perot QCL frequency combs

Fabry-Perot cavity

Mechanism

First demonstrated in 2012, much
progress in terms of science and <
technology since then

» Counter-propagating waves - Spatial hole
burning couples modes

» Incoherent instability - Multimode operation

» Four-wave-mixing assures phase-locking
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A multimode instability in a ring QCL is not expected!

Periodic boundary conditions Ecw
Fabry-Perot resonator
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This would be an extremely high injection level, extremely impractical experimentally!




Inducing an instability in ring QCLs by defect engineering
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Counter-propagating waves

D. Kazakov et al., Optica, 8, 1277 (2021)

Sub-THz laser radio transmitters
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Instability in ring QCLs without defects
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The complex Ginzburg-Landau equation

Ay =A—(1+iB)APA+ (1 +ia)As,

Benjamin-Feir-Newell stability criterion
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From the QCL master equation to the CGLE
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Conditions for the phase instability
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Mechanism of the phase instabillity

In terms of pattern formation
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Frequency comb Classified as: Homoclons
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Mechanism of the phase instabillity

In terms of pattern formation In terms of laser physics

1st lasing mode
g \I

MTurbulence Frequencycomb T Y . .
regime 5 HHP A e phase-amplitude coupling

AN o — (9n//ON)/(On” JON)

gain profile

>
=
%)
c
0]
o
£
£
P -
o
pd
0

other modes reach threshold

Cavity coordinate

0 100 200 300 400 500 600
Time (thousands of cavity roundtrips)

S W

multimode instability

Turbulence is useful!

It’s what triggers our lasers to operate beyond the single
mode regime and eventually generate a frequency comb
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Spectral phase characterization of the homoclons

Shifted Wave Interference Fourier
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The number of localized structures changes for different
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- Stochastic dependence on the initial conditions
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Beyond the CGLE: (our) Generalized Lugiato-Lefever equation

Generalized Lugiato-Lefever Equation

Driving field Diffusion and dispersion
1B = Ep + (—1 — i00)E + (d, + id)3*E + p(1 — iA)(1 — |EP)E
E);_i“'}_)‘fw-g:; and (_1&!1U[HH(?} éz;un or loss; optical nonlinear I:
n<0 Er=0,u>0
(pumped passive resonator) (active resonator)
LLE CGLE
Luigi Lugiato
~J
& &

« Can we complete the Kerr-QCL comb analogy?
+ Can we write an LLE for QCLSs?

Can we generate temporal solitons in QCLs?

L. Columbo ef al., Phys. Rev. Lett. 126, 173903 (2021)



Beyond the CGLE: (our) Generalized Lugiato-Lefever equation

Generalized Lugiato-Lefever Equation

Driving field Diffusion and dispersion Dampmg and Detunmg between the iﬂjeCted
— — - i field, when present, and a cavity resonance

T0E = By + (—1 — i80)E + (d, + id)02E + p(1 — iA)(1 — |EP)E

] “

~ -~ TN

bé.i“'[_)ﬂ@:; and detuning Gain or loss; optical nonlinearity Diffusion and dispersion Account for the
<0 E =0, u>0 frequency dependence of the medium optical
(pumped passive resonator) (active resonator) response (in d; add. host medium GVD)
LLE CGLE Linear and nonlinear radiation matter interaction
Account for the carriers density or population
. QGJ inversion dependence of the optical response
\{\QJ

close to threshold: u is the gain (>0) absorption
(<0) parameter A is the LEF (in A add. host
medium Kerr nonlinearity) or the atomic
detuning

. t and z are the temporal and spatial coordinate along the cavity
axis, in a reference frame moving at the light velocity in the
cavity; Tpis the photon life time that defines the typical temporal
scale of the system

. Field is scaled as in [L. Lugiato, F. Prati, and M. Brambilla,
Nonlinear Optical Systerns (Cambridge University Press, 2015)]

L. Columbo ef al., Phys. Rev. Lett. 126, 173903 (2021)




Pattern control by optical injection

Sweeping the input power
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Pattern control by optical injection

Sweeping the input power
PG PUER Nonstationary solitons on
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Pattern control by optical injection

Output int., X

Sweeping the input power

0 Input intensity, Y

L. Columbo ef al., Phys. Rev. Lett. 126, 173903 (2021)
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Pattern control by optical injection

Sweeping the input power

X Single stable soliton
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Sweeping a trajectory in the parameter space
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Solitons are predicted also by the full laser model

Effective Semiconductor Maxwell-Bloch Equations

Generalized LLE
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Independent addressing and manipulation of solitons
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Phase solitons in injected ring QCLs

Chiral structures associated to 2im (I € Z) phase kinks
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F. Prati ef al., Nanophotonics 10, 195 (2021) F. Gustave et al,, Phys. Rev. Lett. 115, 043902 (2015)



Controlling the formation of chiral structures in lasers with metasurfaces

Spontaneous patterns in lasers Vortex laser arrays with 100 metasurfaces

pinhole loss _|
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Experiments

Tunable topological solutions

Strong coupling

Defect healing

K. Staliunas et al., Transverse Patterns in Nonlinear Optical Resonators, Springer (2003) M. Piccardo et al., Nat. Photon. 16, 359 (2022)



Solitons in free-running ring QCLS

Spectral selection of in-phase modes Total waveform
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B. Meng et al., Nat. Photon. 16, 142 (2022)



Towards demonstrating injected ring QCLSs

Circular ring Racetrack
1 :
2 Spontaneous symmetry breaking observed
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Fabrication at TU Vienna: M. Beiser, B. Schwarz D. Kazakov et al., in preparation



Perspectives

Turnkey soliton generation in a pump-microresonator system Spatiotemporal patterns in broad area ring QCLs

Conventional pumping Direct pumping
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Coupled ring QCLs

* Enable feedback from QCL ring to pump -> self-tuning?
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Integrated heater

Hybrid fiber system shows that soliton dynamics

depends on driving CW/pulse Coupled forced CGLEs
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* Injected QCL ring driven by long pulses = spontaneous CS?

B. Shen et al., Nature 582, 365 (2020); N. Englebert ef al., Nat. Photon. 15, 536 (2021)






