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• 1951, MASER (similar to LASER, but works in a microwave range

• 1954, First demonstration of MASER

• 1957, Suggest optical MASER in a visible wavelength range

Laser history

1957. 9. 14

Charles Hard Townes 
(1915~2015)

1964 in Physics
Creation of MASER
Prof. at Columbia Univ.



Laser history

• Optical pumping reseach

• 1957, design “LASER” 

Gordon Gould 
(1920~2005)

이후 Townes와 30년간특허분쟁을함 (결국승소)
1958, Townes and Schawlow published a paper on "optical masers"

Graduate student (1957) at 
Columbia Univ.



Laser history

1960, first demonstration of a laser using a ruby 
crystal and a flash lamp.

Theodore H. Maiman
(1927~2007)

Researcher at 
Hughes Research Laboratories



Principle of Laser

Excited 
by pumping

Photon irradiated Produce “identical” photon 
by stimulated emissionGround state

Gain Medium

~100% 
reflectivity

Output coupler
Partial reflection

Pumping
(Flash lamp / LD)Laser cavityLaser cavity

Optical pumping and stimulated emissionOptical pumping and stimulated emission

 = 2



Laser oscillator (Ti:sapphire laser)

Frequency doubled
Nd3+:YVO4, 1064 nm
(Nd doped Yttrium Vanadate)

Ti:sapphire laser
- Kerr lens mode-locked laser

Energy band of Ti:sapphire laser

Fundamental of photonics, 2nd Ed,
B.E.A Saleh and M.C. Teich



Spectrum of a broad-band laser

For Ti:sapphire laser



Cavity design for Kerr-lens mode-locking

High-intensity pulse

Low-intensity pulse

Ti:Sapph

Mirror

Additional focusing 
optics can arrange 
for perfect overlap of 
the high-intensity 
beam back in the 
Ti:Sapphire crystal.
But not the low-
intensity beam!

Therefore, the weak pulses will be suppressed like a saturable absorber.



Regen amplifier vs multi pass amplifier

Multi pass amplifierMulti pass amplifier Regen amplifierRegen amplifier

More efficient
Complicated
Pre pulse issue
Duration limit

Simple

• The output energy of an oscillator is very low. Need to amplify.



Chirped Pulse Amplification



The Nobel Prize in Physics 2018 was awarded "for groundbreaking inventions in the field of 
laser physics" with one half to Arthur Ashkin "for the optical tweezers and their application 
to biological systems", the other half jointly to Gérard Mourou and Donna Strickland "for 
their method of generating high-intensity, ultra-short optical pulses."

"for their method of generating high-intensity, ultra-short optical pulses"



2018 Nobel prize in Physics: Highpower ultrashort laser generation technology



First CPA experiment (D. Strickland and G. Mourou)
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Ultrashort pulse generation

• A ultrahigh power laser can be developed using the CPA technology

• Still, ultrashort laser pulses are required 
• To achieve high intensity (I = energy / duration / area)
• To achieve better temporal resolution (pump-probe experiment)
• To control strong field processes

• A ti:sapphire laser can produce a laser pulse with a duration of 30 fs.

• Ultrashort pulse generation
• Super-continuum generation
• Dispersion control



Suercontinuum generation - self phase modulation

Time dependent phase (due to self phase modulation)

Kerr effect  =  + 



Super continuum generation

Photonic crystal fiber

J. M. Dudley et al., RMP 78, 1135 (2006)

F. Silva et al., Nat. Comm. 3, 807 (2012)

Supercontinuum generation from mid-infrared 
filamentation in a bulk crystal



Super-continuum generation

Compression of high-energy laser pulses below 5 fs

M. Nisoli et al., OL 22, 522 (1997)



Nonlinear propagation in multiple glasses (simulation)

Generation of a single-cycle pulse using a two-stage compressor

Two stage compressor (hollow fiber + thin fused silica plates)



TIPTOE measurement of a single cycle pulse

2.5 fs

S. I. Hwang et al., “Generation and characterization of single-cycle laser pulses …” Scientific report 9, 1613 (2019)



Dispersion control – prism, grating and chirped mirror

• Conventional techniques
• Prism compressor
• Grating compressor

• Chirped mirror

Angular dispersion yields 
negative GDD.



Dispersion control - Synthesized Light Transients

• Pulse synthesizer

Synthesized Light Transients
A. WIRTH et al., Science 334, 195 (2011).



CEP stabilization and measurement

• As the pulse duration gets shorter, the CEP becomes a critical parameter.

Different absolute phases 
for a single-cycle pulse

Different absolute phases 
for a four-cycle pulse
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Why does the CEP slip?

• Group velocity (speed of envelope) vs phase velocity (speed of oscillation) =   =  

Unrealistic
Unrealistic

In vacuum

Most 
common 
case

Unrealistic

Possible



CEP stabilization

Carrier-Envelope Phase Control of Femtosecond Mode-Locked 
Lasers and Direct Optical Frequency Synthesis
David J. Jones et al., Science 288, 635 (2000).



D-scan

FROG SPIDER

Problems with the conventional techniques

Attosecond Streak Camera
Field measurement

Petahertz Optical Oscilloscope

Advantage
- Easy and fast implementation in air

Disadvantage
- Bandwidth limited
- Not a field measurement (no CEP info)
- Frequency domain techniques (short temporal 
range)

Advantage
- Broad bandwidth (UV to INF)
- Direct measurement of an electric field

Disadvantage
- Complicated setup in vacuum
- Photoelectron or XUV measurement

Conventional methods rely on SHG

K. T. Kim et al., Nature Photonics 
7, 958 (2013).

Goulielmakis et al., Science 
304 (2004).

Advantage of TIPTOE
• Easy and fast implementation in air
• Broad spectral range from UV to IR
• Time domain technique
• CEP (conditional)

Advantage of TIPTOE
• Easy and fast implementation in air
• Broad spectral range from UV to IR
• Time domain technique
• CEP (conditional)



Conventional techniques I (nonlinear response of a material)

• Pulse characterization techniques utilizes the 2nd or 3rd nonlinear effect.
• Autocorrelation, FROG, SPIDER, WIZZLER, D-SCAN, …

• Ex) FROG (Frequency resolved optical gating)

SHG

Pulse to be 
measured

Time delay t

BS

E(t)

E(t–t)

2
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¥
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SHG FROG is simply a spectrally resolved SHG 
autocorrelation.



e

Conventional techniques II (direct sampling of an electric field)

• Attosecond streak camera

• Petahertz optical oscilloscope

Laser pulse

ℏAttosecond EUV/x-ray pulse

Photoelectron spectra

High harmonic spectra

K. T. Kim et al., Nature Photonics 7, 958 (2013).

Goulielmakis et al., Science 304 (2004).

The energy of the photoelectron is shifted due to 
the additional laser field.

The propagation direction of HHG emission is changed due to 
the additional laser field



Basic idea of TIPTOE

Time

  ~ /

  =   ~  / Tunneling rate

  ∝ ()
Modulation of ionization yield represents 
the temporal shape of the signal pulse

Tunneling Ionization with a Perturbation for Time-domain Observation of Electric-field



TIPTOE algorithm for multiple ionization

• Multiple ionization à convolution effect.
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• Longer ionization modulation than 
the original pulse.

• If the pulse is badly chirped
à too many ionizations
à canceling the modulation
à duration < 3 x TL duration

• These convolution effect must be 
considered.

  =    +   −  


• Ionization yield

• Find E(t) that minimize RMS error

 = ∑  − 
• Gradient descent algorithm

ADAM (adaptive momentum algorithm)
Wosik Cho et al., Sci. Rep. 11, 13014 (2021)



TIPTOE experiment setup

Time delay

Off axis parabola
(f = 15cm)

Segmented flat mirror

1st electrodes

Refocusing mirror
(f = 7.5cm)

2nd electrodes
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Universal temporal characterization method

• Applied for a broad spectral range from UV to IR (at ALLS in Canada).
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Wosik Cho et al., Scientific report 9, 16067 (2019)
S. B. Park et al., Optica 5, 402 (2018)

Wosik Cho et al., Sci. Rep. 11, 13014 (2021)
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