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Outline

*Frequency Combs and Ultra-short pulses — related, yet
not the same!

*Why would laser go multi-mode?

*Why would laser mode lock — active and passive?
*Why would not QCL mode lock?

*Self frequency modulation of QCL’s

*Applications?




Laser modes
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Multi mode lasing in time domain

Electric Field
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If the phases are random
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Short pulses

What if all the phases are the same?
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Mode locked pulse
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This is the same pulse going back-forth in the cavity
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Mode locking of QCL would allow us to perform fast measurements over the wide
spectral range limited only by QCL gain ( a few THZ in mid-IR) — good alternative to the
tunable laser

Is this all ?



Coherent comb-Mode locking in the
“wide sense”
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What if the relationship between the mode phases is deterministic but not as
simple as ¢, =07

The frequency comb is still coherent although we do not have a shortest (Fourier
Limited pulse)
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Frequency modulated signal

FM spectrum
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Property of Bessel function: J—n(x) = (=) J (X) Very useful in communications
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“Hydraulic model of laser”

Energy Pump
Pump Threshold!
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“Energy Storage Reservoir”

All the additional pump energy “spills” into the laser after threshold — the laser
“wants” to get rid of energy as fast as possible hence it will always “choose” the
mode of oscillation with the lowest threshold



Single mode lasing

Homogeneous broadening —all the atoms (electrons, molecules) are coupled

equally to each mode

Now the population inversion is clamped at the threshold value- Single mode

lasing



Inhomogeneous gain

Gain of group of atoms with resonant frequency v,

(a) Spectrally inhomogeneous

Gains of group of
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Each atom interacts differently with different modes — each mode has its

own “reservoir” of atoms



Inhomogeneous gain

(a) Spatially inhomogeneous

Atom interacts well with the mode m
Atom interacts well with the mode m+1
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Each atom interacts differently with different modes — each mode has its
own “reservoir” of atoms
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Multi mode lasing

Homogeneous Broadening Inomogeneous Broadening

Different modes- Different modes-

Different thresholds Different thresholds
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Multi Mode lasing

Inhomogeneous broadening
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Threshold as a function of pulse shape
(phase relation between modes)
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In most lasers tombination of spectral and spatial inhomogeneity (hole burning) causes
multi-mode lasing. QCL is not different.

If there are N mode oscillating then the mode beating would cause changes in instant
power on the frequency scale between v_,and( N-1) v_,

If the relaxation time of laser transition t,, is long compared to the cavity round trip time
the medium “does not see” the rapid variations of intensity, and reacts only to the
“average” intensity — the gain medium “acts as an integrator”

Speak

“Free running laser” “Mode locked laser”



Free running laser
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The atom pumped to the upper level can safely remain
there waiting until the next intensity peak will “knock it
down” by stimulated emission — there is no advantage in
any particular relation between the modes, or the
temporal shape of the output — chances are the phase
relation will be random and the output noisy.
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Is it true? Let us check?



Amplitudes of the modes

Free running laser-simulations

(We take a QCL and assume unrealistically long intersubband relaxation time of 100ps)
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Active mode locking
Gain oss |

T(t)
The loss is time dependent’. T
0

N
Y

peak

At

> 1

This arrangement makes the periodic train of mode locked pulses preferential
because they see lower loss



Passive mode locking
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This arrangement makes the periodic train of mode locked pulses preferential
because they see lower loss than free running laser



Amplitudes of the modes

Total Power of the modes
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Solving in time domain

Passively mode-locked laser -
simulations

(We take a QCL and assume unrealistically long intersubband relaxation time of 100ps +
Saturable absorber with response time of 100fs)
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Saturable loss causes multimode lasing

Modes interact coherently “helping each other” by combining their effort to
reduce the loss for the common good of all of them

Different modes-

Different thresholds
Pump
.-Threshold of mode-locked pulses
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QCL —"reversed fast saturable
absorber”
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The electron pumped to the upper level can only emit photon when the
pulse is there — all the electrons put at the upper level between the pulses
relax nonradiatively and the energy gets lost. Therefore, the QCL does not
like short pulses and cannot be passively modelocked. Even if it forced to
emit short pulses their instant power is no larger than the average power
of fre erunning QCL — very inefficient energetically because one cannot
stor e energy on the upper laser level and then emit it in one short burst
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The most favorite arrangement for
QCL

On one hand QCL is forced to operate in multi-mode regime by spatial and also spectral
hole burning mechanisms

On the other hand QCL has lowest threshold (and highest efficiency) when the intensity is
constant in time.

This combination means Frequency Modulation with the period equal to the round trip
time

UL
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(\ /\ /\ FM signal —constant intensity but broad spectrum

vy

Is it so?



Amplitudes of the modes

Solving in time domain

Free running QCL -simulations

(We take a QCL and assume realistic intersubband relaxation time of 2 ps)
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ETH Experiments
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A. Hugi et al, “Mid-infrared frequency comb
based on a quantum cascade laser”,
Nature 492, 229-233 (2012)
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Conclusions

Combination of spatial hole burning and fast saturable gain in QCL favors self-
frequency modulation

The mechanism is of course four wave mixing

Stable frequency comb is thus produced in mid-IR without any additional element
inside the cavity — but the exact form of FM is unpredictable

Frequency comb can be used in a variety of measurements, with the resolution

limited only by the width of the gain — there is no overwhelming need for the short
pulses



