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A function generator (函數產生器) is used in 
many physical science laboratories to generate 
a wide variety of synthesized electrical signals 
such as the sine, square, triangle and ramp 
functions. These signals are used for testing 
and diagnostic applications. 



sine square 

triangle sawtooth 



RF and Microwave function generators 

Their speed are limited by the speed of IC circuits to <100GHz. 



Synthesize various forms of ultrashort pulses 
 

 in the optical frequency (1015 Hz) regime 

Challenge	
  	
  	
  :	
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Search	
  and	
  Discovery	
  	
  

AIosecond	
  Bursts	
  Trace	
  the	
  Electric	
  Field	
  of	
  Op+cal	
  Laser	
  Pulses	
  
The	
  familiar	
  textbook	
  sketch	
  of	
  light's	
  oscilla+ng	
  electric	
  field	
  can	
  now	
  be	
  

drawn	
  directly	
  from	
  measurements.	
  

Pump:	
  750	
  nm(10	
  fs),	
  probe	
  	
  93	
  eV(15	
  nm)	
  

Science	
  305,	
  1267	
  (2004)




Wouldn’t	
  it	
  be	
  nice	
  if	
  we	
  can	
  have	
  
complete	
  control	
  of	
  the	
  mo+on	
  of	
  
electrons	
  in	
  space	
  and	
  in	
  maIer,	
  or	
  
just	
  about	
  anywhere?	
  

Electrons	
  are	
  charged	
  par+cles.	
  Their	
  mo+on	
  follows	
  changes	
  in	
  
the	
  electric	
  field.	
  To	
  control	
  electron	
  mo+on,	
  we	
  want	
  electric	
  
fields	
  of	
  an	
  arbitrary	
  shape	
  that	
  we	
  can	
  produce	
  at	
  will.	
  



Develop an Optical Function Generator 
 
 
 
 
 
 
 
 

Control free/bound electron motion with light 
 

LIGHTWAVE ELECTRONICS 
 

GOAL 

With	
  these	
  waveforms	
  we	
  hope	
  that	
  
we	
  can	
  do	
  using	
  lightwaves	
  what	
  
others	
  have	
  done	
  with	
  microwaves:	
  



Outline	
  
	
  

Basic	
  concept	
  
	
  
Genera+on	
  of	
  broad	
  spectral	
  bandwidth	
  
	
  
Phase	
  control	
  
	
  
Examples	
  of	
  op+cal	
  waveform	
  synthesis	
  
	
  
Picalls	
  and	
  issues	
  –	
  possible	
  solu+on	
  



 
 

Basic Concept 



Joseph Fourier 

Fourier was 
obsessed with the 
physics of heat 
and developed 
the Fourier series 
and transform to 
model heat-flow 
problems. 

Joseph Fourier 1768 - 1830 



Any function can be written as the 
sum of an even and an odd function. 

F(x) =E (x) +O (x) 



Fourier series 
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Fm = f (t) cos(mt) dt∫ ! F m = f (t) sin(mt) dt∫

So if f(t) is a general function, neither even nor odd, it 
can be written: 

and 

where 

even component              odd component 



(a) Monochromatic light: sinusoidal wave   
( ) ( ) cos( )E t A t tω φ= +

1 1 1 2 2 2( ) ( ) cos( ) ( ) cos( )E t A t t A t tω φ ω φ= + + +

(b) Beating of two waves, ω1 and ω2 

Waves are sums of sinusoids. 

Sine wave #1 

Sine wave #2 

time 

sum of two sine waves of different frequencies: 

Sum 

Frequency 
#1 

Frequency 
#2 

frequecy 
The	
  spectrum	
  of	
  the	
  two	
  

sine	
  waves:	
  



Fourier  
decomposing  

functions 

• Here, we write a 
• square wave as  
• a sum of sine 
waves. 

sin(ωt)	



sin(3ωt)	



sin(5ωt)	
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Correlation between time and frequency 

Fourier transform: 

Time Frequency 

2
T

ω
π 24
=

T

2.6 fs 12,820 cm-1     ,   780 nm 



f(t) F(ω) 

Short 
pulse 

Medium- 
length 
pulse 

Long 
pulse 

The shorter 
the pulse,  

the broader 
the spectrum! 

ω	
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   Our approach: Fourier Synthesis 
 

Periodic waveforms are sums of sinusoidal waves 

( ) ( ) ( ) cos( )n n n n
n n

E t E t A t tω φ= = +∑ ∑

ωn=nωm 

single cycle cosine 
saw tooth 

square 
triangle 



 

Waveform	
  synthesis	
  

hIp://www.falstad.com/fourier/e-­‐phase.html	
  



Phase	
  coherence	
  
( ) ( ) ( ) cos( )n n n n

n n
E t E t A t tω φ= = +∑ ∑

(a) In phase φn=nφo (b) Random phases 

In	
  waveform	
  synthesis,	
  
phase	
  is	
  everything.	
  



To	
  synthesize	
  op+cal	
  waveforms:	
  
	
  
Ø  Coherent	
  pulses	
  with	
  broad	
  bandwidth	
  

Ø  Properly	
  align	
  the	
  phases	
  in	
  the	
  spectrum	
  

Ø  Have	
  a	
  way	
  to	
  measure	
  the	
  pulses	
  





Vcosωmt	



LiNbO3
ω 0	



ω 0 + ω m	


ω 0	


ω 0 -ω m	



ω 0 -2 ω m	



ω 0 +2 ω m	
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∑
polarizer Electrooptic Crystal 

Refractive Index 0 cos mn n tδ ω= +

Frequency comb expansion by modulation 

0q mqω ω ω= +

modula+on	
  
	
  frequency	
  qth	
  sideband	
  	
  

	
  



inter-nuclear 
distance 

time	



ω m	



0 cos mn n tδ ω= +

Refractive Index 

infrared 
input 

 multi- 
color 

output 

molecular 
 
 
 
 
 

modulator 

ωq=ω0+qωm   q= -2,-1,0,1,2,3…. 

Bandwidth expansion by molecular modulation 

S.	
  E.	
  Harris	
  and	
  A.	
  V.	
  Sokolov,	
  Phys.	
  Rev.	
  A	
  55,	
  R4019	
  (1997);	
  
S.	
  E.	
  Harris	
  and	
  A.	
  V.	
  Sokolov,	
  Phys.	
  Rev.	
  LeI.	
  81,	
  2894	
  (1998).	
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Detuning δ: adiabatic excitation, collinear sidebands 
Absolute value of δ typically from 0.5 to 3 GHz	



Octave-spanning frequency comb generated by 
the Raman technique (molecular modulation) 

  

€ 

∂Eq

∂z
= − jηωq N(aqρaaEq + dqρbbEq ) + 0.666N(bq

*ρabEq−1 + bq+1ρab
* Eq+1)[ ]

Harris and Sokolov, Phys. Rev. A (R)(1997) 
 



All	
  Three	
  Spectra	
  

Visible 	

IR	

 UV	


1.56 µm	

 195 nm	



10 µJ	

1 mJ	

10 mJ	

 100 µJ	



H2	
  Rota+on	
  Spectra:	
  29	
  sidebands,	
  spaced	
  by	
  587	
  cm-­‐1	
  

D2 Vibration Spectra:	
  	
  16	
  sidebands,	
  spaced	
  by	
  2994	
  cm-­‐1	
  

395	
  nm	
  

195 nm	
  

1 µ m	



1.06 µm	
  

Mul+plica+ve	
  Spectra:	
  ~	
  200	
  sidebands,	
  spaced	
  by	
  <	
  587	
  cm-­‐1	
  

Phys. Rev. A (R)(1997) 
Phys. Rev. Lett. 81 (1998) 
Opt. Lett. 24 (1999) 
Phys. Rev. Lett. 84 (2000) 
Phys. Rev. Lett. 85 (2000) 
Phys. Rev. A 63 (2001) 
Phys. Rev. Lett. 91 (2003) 
Phys. Rev. Lett. 93 (2005) 



Raman comb generated in H2 

15th order at 126 
nm observed 124 126 128 130 132 134 136
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W.-J.Chen et al. PRL 100, 163906 (2008) 

CEP	
  stable	
  ωq=ω0+qωm   q= -2,-1,0,1,2,3…. 
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CEP controlled single-cycle pulses 

Hsieh et al., PRL 102, 213902 (2009) 

CEP setting accuracy <0.025π 
CEP stability <0.05 π	



Use	
  ω,	
  2ω	
  to	
  drive	
  molecular	
  
coherence	
  



30 

Broad bandwidth (1.2um~401nm) Now, our home-made liquid crystal 
modulator can cover wavelength 
from 2.4um to 401nm. Modulator 
for wavelength short than 344nm 
is now under testing. 

The essential component: spatial liquid crystal modulators 
For this idea to work we must have modulators that are broadband and 
can be configured to modulate either the phase or the amplitude of the 
input beam. We custom-make these modulators to match the size and 
spacing of our beam components.  The LC material is E7 from Merck. 



Waveform Characterization 
 

Sinusoidal pulse 

Single-cycle pulse 
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Field	
  retrieval	
  by	
  linear	
  cross-­‐correla+on	
  of	
  two	
  fields	
  Ea(t)	
  and	
  Eb(t)	
  

( ) ( )ani n t
a an

n
E t A e ωω φ

ω
+=∑  ( ) ( )bn CEPi n t
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+ +=∑

If	
  Ea(t)	
  is	
  the	
  iden2ty	
  func2on,	
  then	
  the	
  AC	
  part	
  of	
  I(τ)	
  is	
  re{Eb(τ)}	
  	
  



Shaper-­‐assisted	
  correla+on	
  of	
  ultrafast	
  waveforms	
  
A.	
  Galler	
  and	
  T.	
  Feurer,	
  Appl.	
  Phys.	
  B	
  90,	
  427-­‐430	
  (2008).	
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Amplitude Phase 

Splipng	
  a	
  pulse	
  optoelectronically,	
  not	
  optomechanically:	
  the	
  idea	
  is	
  to	
  use	
  
a	
  pulse	
  shaper	
  to	
  split	
  the	
  pulse	
  into	
  two	
  por+ons	
  and	
  electronically	
  scan	
  
the	
  delay	
  +me	
  of	
  one	
  por+on	
  rela+ve	
  to	
  the	
  other	
  without	
  the	
  need	
  for	
  a	
  
beam	
  spliIer	
  and	
  a	
  delay	
  line.	
  	
  

=	
  amplitude	
  modula+on	
  with	
  a	
  SLM	
  

Pulse	
  b	
  

Pulse	
  a	
  



Linear cross correlation with a twist 

We use pulse shaping to split our E field 
into two pulses to do the cross correlation. 

Shaper-Assisted Linear Cross-Correlation for optical field retrieval 

SALC2 

A.	
  Galler	
  and	
  T.	
  Feurer,	
  Appl.	
  Phys.	
  B	
  90,	
  427-­‐430	
  (2008).	
  

Splitting a pulse optoelectronically, not 
optomechanically: the idea is to use a 
pulse shaper to split the pulse into two 
portions and electronically scan the delay 
time of one portion relative to the other 
without the need for a beam splitter and a 
delay line.  

1 1( ) ( ) ( ) {1,0, ,0, }
3 5

1 1 1 1 1( ) { , , , , } 
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9 1 13 1 1( ) { , , , , } 

10 10 30 10 10
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E t E t E t

E t

E t
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=
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Note	
  that	
  pulse	
  shaping	
  require	
  full	
  
knowledge	
  of	
  the	
  phases.	
  So	
  monitoring	
  of	
  
the	
  phase	
  of	
  the	
  pulses	
  is	
  essen2al	
  for	
  this	
  
technique	
  to	
  be	
  meaningful.	
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Sawtooth waveform synthesized with 5 harmonic components 

relative amplitudes {1,1/2,1/3,1/4,1/5} and CEP = -π/2 
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Instantaneous field waveforms synthesized with 5 harmonic components 

Chan et al, Science 331, 1165 (2011) 

Single-­‐cycle	
  cosine	
   Single-­‐cycle	
  sine	
   Square	
  wave	
  

Peak	
  to	
  peak	
  spacing:	
  	
  	
  8.02	
  fs	
  
Narrowest	
  field	
  FWHM:	
  	
  843	
  as	
  
Envelope	
  width:	
  	
  	
  1.5	
  fs	
  



IR OPA 

Raman cell 
LC modulators 

Cross correlator 

Optical waveform synthesizer set up 

Laser source 



Mul+mode	
  or	
  incoherent	
  light	
  gives	
  the	
  same	
  result	
  with	
  SALC2	
  

Purely	
  adjus+ng	
  the	
  amplitudes	
  
Phase	
  informa+on	
  is	
  not	
  needed	
  or	
  retrieved	
  



Cascaded	
  harmonics	
  genera+on	
  in	
  a	
  
monolithic	
  crystal	
  

2nd harmonic  3rd harmonic 4th harmonic 5th harmonic 

2406 nm 
Pump laser 

SHG 
2406 nm  

2406+2406 = 1203 nm 

2406+802   = 602   nm  

2406+602   = 481   nm  

SFG 
SFG 

SFG 

2406+1203 = 802   nm  

1.8	
  cm	
  long	
  x	
  0.1	
  cm	
  thick	
  PPLT	
  crystal	
  

Up to the 7th harmonic has been observed 

2      3      4      5         6          7   

Optics Letters Nov 2009 



39 
UB-AOM PPLT Breadboard set up 

Compact	
  waveform	
  synthesizer


Op+cs	
  LeIers	
  (2012)




Instantaneous field waveforms synthesized 

Peak	
  to	
  peak	
  spacing:	
  	
  	
  8.02	
  fs	
  
Narrowest	
  field	
  FWHM:	
  	
  843	
  as	
  
Envelope	
  width:	
  	
  	
  1.5	
  fs	
  

Single-­‐cycle	
  cosine	
   Sawtooth	
   Rec+fied	
  sawtooth	
   Triple-­‐peak	
  



Pulse train: period 3.55 fs	
  
Pulse energy	
  
1064 nm: 380 mJ	
  
532 nm: 178	
  mJ	
  
355	
  nm:	
  70	
  mJ	
  
266	
  nm:	
  41	
  mJ	
  
213	
  nm:	
  22	
  mJ	
  Nd:YAG	
  harmonics	
  

Chen	
  et.	
  al.	
  Laser	
  Phys.	
  LeI.	
  1-­‐7	
  (2012)


Synthesis	
  with	
  high	
  power	
  laser	
  harmonics




                Potential Applications 
 
 
Attosecond flash photography 
 
Quantum and coherent control 
 
Lightwave electronics and communication(>100 THz) 
 
HHG optimization using pulse shaping techniques 
 
Measure dynamic Casimir force 



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Two	
  main	
  issues	
  
	
  
What	
  does	
  the	
  pulse	
  train	
  really	
  look	
  like?	
  
	
  
Are	
  there	
  poten+al	
  faults	
  in	
  the	
  
characteriza+on	
  technique	
  ?	
  



  Fourier synthesized pulses 
 

( ) ( ) ( ) cos( )n n n n
n n

E t E t A t tω φ= = +∑ ∑

ωn=nωm 

single cycle cosine 
saw tooth 

square 
triangle 



Fourier	
  synthesis	
  is	
  temporal	
  and	
  spa+al	
  superposi+on	
  of	
  harmonic	
  
fields	
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Pump	
  depleted	
  harmonic	
  conversion	
  

effec+ve	
  window	
  

For	
  example,	
  high	
  power	
  lasers	
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Favors	
  non-­‐depleted	
  pump	
  conversion	
  to	
  each	
  harmonic	
  

Raman	
  

QPM-­‐SFM	
  

Pulse	
  dura+on:	
  5	
  ns	
  
Pulse energy	
  
1064 nm: 380 mJ	
  
532 nm: 178	
  mJ	
  
355	
  nm:	
  70	
  mJ	
  
266	
  nm:	
  41	
  mJ	
  
213	
  nm:	
  22	
  mJ	
  
Commercial	
  Nd:YAG	
  laser




Is	
  there	
  a	
  beIer	
  way?	
  
Do	
  we	
  have	
  a	
  remedy	
  ?	
  

Go	
  to	
  extremes:	
  

•  Con+nuous-­‐train	
  ultrashort	
  waveforms	
  

•  Isolated	
  single-­‐cycle	
  waveforms	
  



collaborators	
  

Academia	
  Sinica	
  Thema+c	
  Project	
  	
  
Na+onal	
  Sciences	
  Council	
  
NSC	
  Nano	
  Science	
  and	
  Technology	
  Program	
  
Taiwan-­‐USAF	
  Nanotechnology	
  Ini+a+ve	
  

Dr.	
  Wei-­‐Jan	
  Chen	
  

Dr.	
  Han-­‐Sung	
  Chan	
  	
  

Dr.	
  Zhi-­‐Ming	
  Hsieh	
  	
  

Wei-­‐Hong	
  Liang	
  	
  

Chien-­‐Jen	
  Lai	
  

Wei-­‐Chun	
  Hsu	
  

Dr.	
  Shu-­‐Wei	
  Huang	
  

Hou-­‐Yu	
  Su	
  

Sih-­‐Ying	
  Wu	
  	
  
Research	
  supported	
  by:	
  

Chao-­‐Kuei	
  Lee,	
  NSYSU	
  	
  
Ru-­‐Pin	
  Pan,	
  NCTU	
  
Lung-­‐Han	
  Peng,	
  NTU	
  	
  

Ci-­‐Ling	
  Pan,	
  NCTU-­‐NTHU	
  

Steve	
  Harris,	
  Stanford	
  
Ron	
  Shen,	
  UC	
  Berkeley	
  

Chung-­‐Lin	
  Yeh	
  

Hong-­‐Yuen	
  Chang	
  

Hsiu-­‐Ru	
  Yang	
  

Wan-­‐Lin	
  Jiang	
  

Yen-­‐Yin	
  Lin,	
  NTHU	
  

Jow-­‐Tsong	
  Shy,	
  NTHU	
  

Shou-­‐Tai	
  Lin,	
  FengJia	
  U	
  

Shang-­‐Da	
  Yang,	
  NTHU


Chih-­‐Hsuan	
  Lu	
  

Li-­‐Fan	
  Yang	
  

Yo-­‐Yung	
  Chou	
  

Dr.	
  Miaochan	
  Zhi,	
  	
  

Shang-­‐Da	
  Yang,	
  NTHU	
  

Alexei	
  Sokolov,	
  TAMU	
  

Chia-­‐Chen	
  Hsu,	
  CCU	
  




Waveform	
  Synthesis
 CW	
  Comb
 Isolated	
  Pulse




Taipei,	
  2009


Hsinchu,	
  2012



