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What have we seen so far? LASER

22

An optical cavity (« oscillator ») → condiƟon on phase

An amplifying medium (« gain ») → condiƟon on ampl. / intensity

Need gain to compensate losses (output + parasitic)

Impossible in Lorentz model,
requires population inversion.

Introduced a 3 level systems.

Basic laser properties

Laser threshold,
Gain saturation,

Steady state intensity,
Steady state population inversion

These are all steady state solutions to rate equations, 
but we can use these ideas to understand pulsing
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Why would we want to pulse a laser?
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• Some lasers must be operated in a pulsed mode since CW 
operation cannot be sustained.  

• High speed optical communications require sending HI/LO bits

• Instantaneous optical power can be greatly increased when the 
output pulse has a limited duration. 

• Processing outcome is different when exposure causes little
heating

• Short pulses can probe very fast physical processes
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External vs internal modulation
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Outline of Lecture
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Laser Pulsing

I. Modulation for Telecommunications
Semiconductor lasers
Direct gain modulation

II. Advanced Techniques for Shorter Pulses
Q‐switching (and cousins)
Mode locking

III. Even higher power
Chirped pulse amplification
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Time scales for laser pulsing
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Bandwidth due to Spontaneous Emission
Bandwidth due to Doppler Broadening

Optical frequency (λ = 1 µm)



UMR

I – Semiconductor Lasers
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Applying a voltage will inject electrons
from one side, and « holes » from the 
other side.

They accumulate and recombine in 
the middle.
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Localizing gain in a semiconductor laser
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Feedback in Semiconductor Lasers
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Tricky to put a metallic mirror in place 
for a semiconductor layer.

Reflector may be a:
‐ Cleaved facet
‐ Distributed Bragg reflector
‐ Distributed Feedback 

(everywhere)

‐ In vertical cavity, surface emitting 
lasers, Bragg reflectors can be 
stacks (more reflective)

‐ Gain medium is shorter (need 
multiple quantum wells for greater 
gain)
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Modulation for Optical Communication
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‐ Semiconductor lasers are biased at some current, then
modulated around a small swing

Transfer characteristic of DFB InGaAsP laser Eye diagram showing received signal in optical
telecom system
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Time scales for laser pulsing
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Direct Modulation Semiconductor Lasers (100 mW typ)
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Outline of Lecture
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Laser Pulsing

I. Modulation for Telecommunications
Semiconductor lasers
Direct gain modulation

II. Advanced Techniques for Shorter Pulses
Q‐switching (and cousins)
Mode locking

III. Even higher power
Chirped pulse amplification
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III. Optical gain (from lecture 2)
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Gain in a 3 level system :

Unsaturated gain

Saturation intensity

III. Laser operation

[m‐1]

[W.m‐2]

(actually, very generic form)

At low laser intensity, At high laser intensity,

 Gain decreases with laser intensity

 Unsaturated gain increases with pumping rate (Wp), interaction cross section (σ), atomic density (ntot)

 Unsaturated gain decreases with recombination rate (Гeg)

All atoms in e stateAll atoms in g state
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III. Laser steady‐state (from lecture 2)

14III. Laser operation

Lasing threshold

Optical gain Optical losses

Necessary condition for I>0 :

Laser intensity

Laser intensity adjusts to unsaturated gain and losses, 

so that total gain (including saturation) = total loss
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III. Laser steady‐state (from lecture 2)

15III. Laser operation

Laser intensity Population inversion

Such that gain = losses

Ilaser

No explicit dependence on I
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Gain Switching

16

Direct approach, involves turning « pump » 
on and off
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III. Optical gain (from lecture 2)
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Gain in a 3 level system :

Unsaturated gain

Saturation intensity

III. Laser operation

[m‐1]

[W.m‐2]

(actually, very generic form)

At low laser intensity, At high laser intensity,

 Gain decreases with laser intensity

 Unsaturated gain increases with pumping rate (Wp), interaction cross section (σ), atomic density (ntot)

 Unsaturated gain decreases recombination rate (Гeg)

All atoms in e stateAll atoms in g state
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Gain Switching
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Direct approach, involves turning « pump » 
on and off

Inversion builds up, overcomes loss, and 
lasing stabilises population

This is essentially what is being done in 
semiconductor laser diodes, but without fully
shutting off current (small signal, to keep
linearity)
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Example: Excimer (exciplex) lasers
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Equivalent to gain switching
Results in 10 nanosecond length pulses

UV emission helpful for absorption in surface layers

Formation of excited dimer (excimer) or excited complex
(exciplex) states driven by an pulsed electrical discharge
through a gas.

These states are only stable when excited, and dissociate
upon relaxation.

Helpful to create population inversion.



UMR

Example: Excimer (exciplex) lasers
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Material is ablated from surface without
heating surroundings

Very useful for LASIK eye surgery
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Q Switching (Loss switching)
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For Q‐switching, we are modulating the 
loss in the cavity

Q is the « quality » of the cavity.

Loss is first set to be high.
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III. Laser steady‐state (from lecture 2)

22III. Laser operation

Laser intensity Population inversion

Such that gain = losses

Ilaser

No explicit dependence on I
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Q Switching (Loss switching)
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First, loss set to be high, so inversion (Δn) 
builds up.

Loss is then minimized, lasing begins and 
photon density increases

Stimulated emission depopulates excited
state, lasing ends, and we start again.
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Optical switches for Q‐…..switching…
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Active Q‐switching: 
acousto‐optic modulator

Passive Q‐switching: 
Saturable absorbers

Cr 4+ YAG crystal
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Cavity Dumping
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In cavity dumping (which is still some form of 
Q‐switching), pulse is stored as photons (as 
opposed to electrons

Initially, highly reflective mirror is used and no 
light is extracted.
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III. Laser steady‐state (from lecture 2)

26III. Laser operation

Laser intensity Population inversion

Such that gain = losses

Ilaser

No explicit dependence on I
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Cavity Dumping

27

High reflectance mirror allows photon 
number to build up

Removing mirror
‐ Allows all accumulated photons to escape
‐ Removes feedback mechanism and 

increases loss, leading to end of lasing
after photons escape
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Details on pulse trains
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Pulse width: will be limited by how 
quickly we can extract stored energy.
Will determine peak power/intensity.

1/Repetition rate:  Will be limited by 
how quickly energy can be built back 
up again.  
At fixed power, will determine
energy per pulse.
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Time scales for laser pulsing
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Direct Modulation Semiconductor Lasers (100 mW typ)
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Mode Locking
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Need a system where multiple longitudinal modes can lase.  Each longitudinal mode has a different 
frequency, and allowed modes are determined by the feedback of the cavity.



UMR

III. Mode competition (from Lecture 2)

31III. Laser operation

Homogenous Inhomogenous

We further increasing pumping, such that
twomodes are well above threshold

Homogeneous gain :

Inhomogeneous gain :

Laser intensity in 1 mode decreases gain 
in all modes

Mode competition !

Laser intensity in 1 mode decreases gain 
in this mode

Modes are independent
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Mode Locking
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Although multiple modes may lase simultaneously,  they are 
not coherent with each other (they have no defined phase 
relationship with each other).

Spontaneous emission will make modes drift around in 
relative phase.

The challenge is “encouraging” them to have the same phase 
(and so to add amplitudes at one time).
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Modes without any phase relationship
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Two modes will always « beat » together.  
Beating frequency will reflect changes in phase of both modes.
Three or more modes will make beating less evident
SE will make modes drift around in phase – we need to “lock” 
them in when then phase is right.
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Modes with constant phase relationship
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If phase relationship is fixed between modes, then they are 
coherent with each other
We can now add amplitudes and get +/‐ interference
Enough modes will give a pulse train
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Mode Locking
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Effect is even more obvious if we consider envelope function of the intensity.

The more modes, the narrower the peak widths.  

The repetition rate will be determined by the mode spacing (shorter cavity, more 
widely spaced modes, faster rep rate).
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Mode Locking
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Sounds easy…  so what is this switch?
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Optical Switches – Saturable Absorber
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Active Mode Locking: Acousto‐optic or electro‐optic switch, activated periodically

Passive Mode Locking: 
‐ Saturable absorber (colliding‐pulse ring laser)
‐ Non‐linear optical effects (Kerr lensing: n=n0+n2I)
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Optical Switches – Kerr lensing
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Active Mode Locking: Acousto‐optic or electro‐optic switch, activated periodically

Passive Mode Locking: 
‐ Saturable absorber
‐ Non‐linear optical effects (Kerr lensing: n=n0+n2I)

Kerr medium Diaphragm
Collimating Lens
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Optical Switches – Kerr lensing
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Active Mode Locking: Acousto‐optic or electro‐optic switch, activated periodically

Passive Mode Locking: 
‐ Saturable absorber
‐ Non‐linear optical effects (Kerr lensing: n=n0+n2I)

Kerr medium Diaphragm
Collimating Lens
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Mode Locking
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Ultrashort pulse science
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Femtochemistry
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Time scales for laser pulsing
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Direct Modulation Semiconductor Lasers (100 mW typ)
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Outline of Lecture
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Laser Pulsing

I. Modulation for Telecommunications
Semiconductor lasers
Direct gain modulation

II. Advanced Techniques for Shorter Pulses
Q‐switching (and cousins)
Mode locking

III. Even higher power
Chirped pulse amplification
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Pulsing for High Instantaneous Power

Remember, to focus perfectly, all photons must be in the same transverse mode (Lecture 3)
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Optical Amplification
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An optical cavity (« oscillator ») → condiƟon on phase

An amplifying medium (« gain ») → condiƟon on ampl. / intensity

Need gain to compensate losses (output + parasitic)

Impossible in Lorentz model,
requires population inversion.

Basic laser properties

Laser threshold,
Gain saturation,

Steady state intensity,
Steady state population inversion

The saturation intensity becomes
the barrier to obtaining a higher
instantaneous intensity beam
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Chirped Pulse Amplfication
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2018 Nobel Prize Winners for CPA
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Prof. Donna Strickland 
University of Waterloo

Prof. Gerard Mourou
Ecole Polytechnique
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Pulsing for High Instantaneous Power
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Inertial confinement fusion 
(using lasers to drive fusion) 
saw a big push that came up 
short of ignition (by about a 
factor of 3)

See National Ignition Facility 
(NIF) LLNL

Since 2012, used mostly to do 
science (and weapons
research).

See Extreme Light 
Infrastructure for latest
project in Europe, Station of 
Extreme Light in China…
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Take home message

53Take home message

Aside from technology, you already knew how to pulse a laser
• The gain/loss balance in a laser cavity is a core concept of this

course (which you already knew)
• Playing with one or the other is how we get a short pulse
• Mode‐locking is establishing coherence between modes (as we

did for a single mode using stimulated emission and feedback)
• Chirped Pulse Amplification is just a way around Isat (which you

already knew about)
• So it all fits together
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