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▪ Relaxation Oscillation
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▪ Relaxation Oscillation 𝑁 𝑡 = 𝑁଴ + 𝛿𝑁 𝑡
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If  1/𝑡଴ ≪ 𝜔ᇱ ( this is the case e.g. when 𝑅௣ ≫ 𝑅௖௣ )
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No oscillation when 𝑡଴ < 1/𝜔

Typical in gas lasers
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▪ Relaxation Oscillation: Pulsation
Perturbations in pumping level or cavity loss result in “intensity noise”
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▪ Q-switching

ms (~𝜏) ns (~𝜏௖)

Shutter openShutter closed

gain= loss

Shutter closed

Shutter open

Gain can keep growing

Suddenly gain >> loss

gain < loss



▪ Q-switching: Principle (four-level lasers)

௣ ଶ

௣

𝜙 ≈ 0 before lasing

𝑁 𝑡 = 𝑁ஶ 1 − exp −
𝑡

𝜏
𝑁ஶ = 𝑅௣𝜏where

Longer can provide larger gain ஶ

For pump druation 𝑡௣ ≫ 𝜏, 

Instead, energy goes wasted through − ே

ఛ

longer pumping does not increase 𝑁

Semiconductor lasers and many gas lasers (He-Ne, Ar, Excimers) has a short ~ns

Most solid-state lasers (Nd, Yb, Eb, Ho) and some gas lasers (CO2, I2) have a longer ~ms Q-switching



▪ Q-switching: Fast

ms (~𝜏) ns (~𝜏௖)

e.g. Electro-optical switching ௌ

Fast switching of ~a few ௖



▪ Q-switching: Slow

multiple pulses 



Active

▪ Electro-optical

▪ Rotating prism

▪ Acousto-optic

Pockels cell Q-switches widely used

Fast (typically ௦< 20 ns)

High voltage (1~5 kV)

Common mechanical Q-switching

Slow (400 Hz) and noisy

Wavelength independent

Low insertion loss, high repetition (kHz)

Limited loss by diffraction, Low gain

▪ How to Q-switch? :   Active vs. Passive

90◦ polatization



Passive

▪ Saturable Absorber

▪ How to Q-switch? :   Active vs. Passive

50 cm long Nd:YAG laser

Single mode operation

Changes of the pump power would influence
the pulse repetition rate.

In many cases, the pulse energy and duration
are then fixed.

𝐼ଵ

𝐼ଶ
=

exp 𝑔ଵ − 𝛾ଵ

exp 𝑔ଶ − 𝛾ଶ

௡

= exp 𝑛 𝑔ଵ − 𝛾ଵ − 𝑔ଶ − 𝛾ଶ

exp 2300 × 0.001 ≈ 10 times large discrimination

prelasing

Before saturation: absorption low Q

After saturation: Transparent High Q

for 50 cm long cavity.



▪ Pumping schemes for Q-switching

Pulsed pumping 𝑅௣ < 100 Hz

High Gain, Large output pulse energy

Continuous pumping

Q-switching at < 100 kHz, Low gain

> ms ~ns > 10 µs



▪ Theory of Active Q-switching
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▪ Theory of Active Q-switching:    Peak power,   Pulse Energy,   Pulse duration
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Energy utilization factor

∆𝜏௣

𝜏௖
= Function (𝑁௜/𝑁௣)

From the 2nd rate equation
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▪ Gain-switching

𝑅௣

௣ ௖௣: Large peak inversion 4~10 times ௖

Pumping duration 5~20 ௖ <1 µs

Fixed Q (loss), Rapid switching Gain on & off▪

▪

▪

No need to worry about Gain saturation!▪
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▪ Before mode-locking:

Random phase

 𝑡

CW laser with large number of 
incoherent longitudinal modes

Δ𝜏௣ = 1/Δ𝜈௅



▪ Mode-locking principle: description in frequency domian

Mode-locking = phases of longitudinal modes are correlated  →  constructively interfered
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▪ Mode-locking principle: description in frequency domian

Mode-locking = phases of longitudinal modes are correlated  →  construcƟvely interfered

଴
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ᇱ

min:
௅ ௅

௠௜௡ when

Max: ௠௔௫ ଴ when FSR = Rep. Rate



▪ Mode-locking principle: description in time domian

Fundamental

Harmonic

Fundamental



▪ How to Mode-lock? :   Active

௣

gain

Round-trip time
Amplitude-modulation (AM)

Principle: Direct modulation of cavity loss at ௠

Method: Pockels cell, acoutsto-optic modulator (AOM)

▪

The minimum pulse duration is limited by the speed of the active element. 



▪ How to Mode-lock? :   Passive

Fast saturable absorber (response time 𝜏 < pulse duration Δ𝜏௣ )

Non-resonant, very fast (fs)

Kerr lens

𝑛 = 𝑛଴ + 𝑛ଶ𝐼, self-focusing

Δ𝜏௣ ~ fs, ps

𝜏 <  ps

or Kerr Lens Modelocking

Δ𝜏௣ ~ fs, ps

e.g. Saturable dyes 

Slow saturable absorber (response time 𝜏 > pulse duration Δ𝜏௣ )

𝜏~ ps, ns

Fast (Intraband) and Slow (Interband)

e.g. Semiconductor QW





▪ Phase velocity, Group Velocity, GDD, GVD

Phase velocity:  ௣௛
ఠ

௞ 
Group velocity: ௚
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Time delay

Δ𝜏௚ = 𝜙ᇱ 𝜔ଶ − 𝜙ᇱ 𝜔ଵ ≅ 𝜙ᇱᇱ 𝜔௅ × 𝜔ଶ − 𝜔ଵ

𝜔௅

Difference in time delay at ଵ and ଶ

Broadening of the pulse (chirped): Δ𝜏ௗ ≅ 𝜙ᇱᇱ 𝜔௅ Δ𝜔௅

𝜙ᇱᇱ 𝜔௅ = 𝑙
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𝜙ᇱᇱ 𝜔௅ :  Group- Delay Dispersion (GDD)

:  Group- Velocity Dispersion (GVD)
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ఠಽ



▪ Phase velocity, Group Velocity, GDD, GVD

𝜙ᇱᇱ 𝜔௅ :  Group- Delay Dispersion (GDD)Δ𝜏ௗ ≅ 𝜙ᇱᇱ 𝜔௅ Δ𝜔௅Broadening of the pulse:

Limitation on Pulse Duration due to GDD: Δ𝜏௣ ≅
ଶ଻.ସ

௚బ
𝜙ᇱᇱ Δ𝜈଴ ≈ 162 fs

Gain bandwidth ଴ ௣
ଵ

୼ఔబ
fs in an ideal non-dispersive medium

Dispersion compensation with prism pairs (GDD<0) :
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▪ Cavity Dumping:

pulse-pickingEmptying out intracavity Power

Applicable to CW, Q-switched and mode-locked lasers

Pockels cell, Acousto-optics gratingSudden increase of Loss into output coupling
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