
• Background
– basic quantum optics (two-level atoms, Maxwell-Bloch equation)
– pulse propagation and compression

• Generation and Characterization of Ultrashort Pulses
– CW laser and Q-switching
– Mode-locking (Active and Passive)
– KLM, Semiconductor saturable absorber
– Characterization: Autocorrelator, SPIDER, FROG

• Applications
– Time-resolved spectroscopy (pump-probe)
– Optical frequency metrology
– Optical sampling with electronic-photonic integrated circuits
– Micromachining
– Imaging
– Amplifications; High-harmonic generation and X-ray pulses

Real fun just begins now.



Atom-field interaction

Two-level atom

Electromagnetic field

Interaction energy is determined by electric dipole moment.

(under dipole approximation: EM wavelength >> atom size E-field is constant)



Isolated two-level atom

Two-level atom
H = HA

Population constant

Dipole moment oscillates with ωeg



Two-level atom interacting with field (thermal light)

Two-level atom
H = HA + HF + HA-F
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Von Neumann equation
(including incoherent or dissipative process)



Two-level atom interacting with field (thermal light)



Two-level atom interacting with field (thermal light)

Dipole moment

Inversion

where

T1 = energy relaxation time
T2 = phase relaxation time

Equilibrium inversion



Relaxation times

Dipole moment

Inversion

where

T1 = energy relaxation time
T2 = phase relaxation time

Ideally, T2 = 2T1

In reality, T2 << 2T1



Population inversion

Dipole moment

Inversion

Equilibrium inversion

Always negative for T>0!!! 
Population inversion is impossible with incoherent
thermal light if there are only two levels!!!

Needs “pumping” with incoherent light to
an atom with additional levels (to achieve artificial
“negative” temperature).



Population inversion

Example: 4-level 
Λ

Λ
Λ

Fast decay
Λ: pump rate

|e>

>0   when Λ>Γe
|g>

Fast decay

3-level and 4-level systems
will be dealt later again. 



Two-level atom interacting with 
coherent classical external field

Dipole moment

Inversion

Adding term to the previous result:

Bloch Equations:

Describing the dynamics of an atom interacting with a classical E-field



In the stationary state…
(driven by monochromatic field:                             ) 

0 and w ws



Saturated inversion, Saturated intensity

Lorentzian lineshape: 

Saturated inversion:

Saturation intensity:



Maxwell-Bloch Equations

What happens if an EM wave with a slowly varying envelope propagates?



Maxwell-Bloch Equations

What happens if an EM wave with a slowly varying envelope propagates?

Excites dipole moment in the atomic medium

Maxwell-Bloch Eqs:



Maxwell-Bloch Equations
when T2 is much shorter than the variation of envelope A(t)

0

-

Es = IsT1 : saturation fluence (J/cm^2)



Rate Equations
Where is dipole moment?

Now we can express only with population difference (of atom)  
and field amplitude (of wave) !!

Obtaining gain for inverted (w>0) medium!!!
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Now let’s jump into the new chapter.



Rate Equations

Back to the result of Maxwell-Bloch equation,

-

Rate equation
for population
inversion
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Rate equations for two-level atom

Terminology for treating single-mode laser

N1 and N2 : Populations in level 1 and 2
NL: number of photons
nL: density of photons in the mode interacting with the atoms
vg: group velocity of photons 

V: mode volume
Vg: volume of the active gain medium



Rate equations for two-level atom

One definition: Cross section
2

2|| TM~

Physical meaning? IPabs ⋅σ=∆

(dipole antenna capturing radiation?)



Rate equations for two-level atom
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(Rate equation for population)



Rate equations for two-level atom
Ok, then how about the rate equation for photon density?

Recall the result
of Maxwell-Bloch
equation:

Not straightforward to solve.. (boundary condition, non-uniform field)

In fact, we only concentrated to solve the problem from the view point of “atom”
in Chapter 2 (photon dynamics is not properly dealt with).

V

(Rate equation for photon density)



Rate equations for two-level atom

V



Loss in the cavity

V

1. Loss from output coupler: power transmission T

Power loss per round-trip

lTR 2/ where 
g

group
ga lnlL +=and

int,,

111

pOCpp τ
+

τ
=

τ
2. In reality, there is internal loss too.



Four-level system

Fast decay

Fast decay

V

0

0
0

0



Four-level system

Fast decay

Fast decay



Four-level system

Fast decay

Fast decay





Building-Up of Laser Oscillation
From spontaneous emission noise to the saturation power…

1. From vacuum fluctuation, P(0)=Pvac

2. When Pvac<<P<<Psat, g=g0

<<1

=0

g0

3. 

and

RT
lg )(2 0 −

slope

4. P(t) reaches Psat and then Ps.

Built-up time:

lTR 2/



Building-Up of Laser Oscillation

In the steady-state,

0

0

Ps

pRg ∝0l
(threshold)



Stability of CW laser
The laser reached the steady-state…

What happens if perturbation occurs?

= r



Stability of CW laser

Laplace transform:



Stability of CW laser

Employing pump parameter:

What is the meaning?



Stability of CW laser

1. The stationary states are always stable: Re{s} < 0

2. Relaxation oscillation occurs when r is sufficiently larger than 1.
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Relaxation oscillation



Stability of CW laser
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What happens if the pump is really strong?

Stimulated lifetime can be as short as cavity decay time
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Relaxation oscillation vanishes.



Relaxation oscillation

Lτ/1P

Im{s}

r2 τ/1 0r1 Re{s}

Root-locus diagram



Relaxation oscillation

500 ns
fR = 30 kHz

Quality factor

Can be several thousands for solid-state lasers
with long upper-state lifetime of ms range
(then                 )pL τ>>τ



Relaxation oscillation



RIN measurement
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