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Outline 

Quantum Control 

 

• Ultrafast Selective Excitation 

   A pair of weak pulses 

    Quadratic Chirping 

 

•  Quantum Control Spectroscopy 
  (overlapping by natural width) 

 

• Molecular computer 
(Classical computer) 
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Quantum Control 

System 

(Known) 

External Field 

(to be searched for) 

Result 

(Given) 



 Why Laser? 

Coherence 

High Intensity 

Short Pulse (Broad Band) 

Pulse Shaping 



History of Laser Intensity 



History of Laser Pulse Duration 



Laser Pulse 
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Pulse Shaper 
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LCD 

(Transmittance & Refractive indexes are controlled.) 

Fourier Expansion 

Control of the Fourier coefficients 

What is the optimal shape? 



Quantum Control 

System 

(Known) 

External Field 

(How to shape?) 

Result 

(Given) 



Numerical optimization of the laser field for 

isomarization trimethylenimine 

M. Sugawara and Y. Fujimura J. Chem. Phys. 100 5646 (1994) 

Complicated Wave Form 
Why this shape? 

Any simpler? 
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Schrodinger Equation 
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Time Dependent Schrodinger Equation 

If the Hamiltonian is time-independent 

Stationary Schrodinger Equation 

Time dependent part 

Time independent part 

 (Eigen Function) 



Exponential Function 
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Time evolution of an eigen function 

The shape does not change 



A Superposition of Eigen States 
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Time dependent shape 
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Time-Dependent Problems 
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Weak Field Limit 

Time Dependent Perturbation 



Time-Dependent Perturbation Theory 

The coupled Schrodinger Equations 
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The Initial Conditions 
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Perturbative Transition Amplitude 
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Perturbation Theory for Laser Dynamics 
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Dipole approximation for light-matter interaction 
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Matrix Elements 

Transition amplitude 

Laser Field in the Energy Domain 



Linearity of the Perturbation Theory 

Additivity 
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Homogeneity 
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Laser Pulse 
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Laser Control of Atomic and 

Molecular Processes 



Quantum Control 

System 

(Known) 

External Field 

(to be searched for) 

Result 

(Given) 

Inverse problem 



Ultrafast Selective Excitation  
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・Intense & Ultrafast Laser 

     fast transition 

 

・Nonlinear Process & Broad Bandwidth 

     undesired transition  

 

 

・Selective Excitation 

     Excite to a desired state 

     Suppressing undesired transition 

 

・How much fast selection is possible?  

Ultrafast Selective Excitation 



Ramsey Fringe 

(Perturbative Double Pulses) 
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:  Time delay

Phase Difference 

Transition Amplitude 
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Young’s Interference Experiment 

The Ground State 

The Excited State 
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Selective Excitation of Cs atom 

（Separation of Fine Structure） 

• Parameters 

- Time delay 

- phase difference 

• Interference 

• Suppression of a 

specific transition 
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6S 

7D 

6P 

+/ 

(a) 

(c) 

(b) 

Fluorescence 

(86fs) (86fs) 

Delay 

Spin orbit splitting    ΔE＝21cm-1 

Uncertainty limit      Δt=1/ΔE＝８００ｆｓ 

2 pulse interference 



Experimental Facility 

RF generator 

Ti:Sapphire  

oscillator   
TeO2  

AOPDF 

Internal  

trigger 

Computer 

PMT-II 

PMT-I 

MCS 

Preamplifier  

 

Filter-I 

Filter-II 

Cell 
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（Experiment and Theory） 
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Delay 300fs 

（Exp. & Theory） 
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Selection is possible even when t <Δt = 1/ΔE ＝８００ｆｓ  



Breakdown of the Selectivity 
(Theoretical simulation) 
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Breakdown of the selectivity 

p1 

1-p1-p2 

p2 

p2(1-p2) 
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0 
(1-p1-p2) p2 

p1(1-p1) 

(1-p1-p2) p1 

Interfere 

Interfere 

Selection → p1, p2 <<1 （Linearity） 

1st pulse 2nd pulse 



Non-Perturbative Selective 

Excitation 

Quadratic Chirping 



Quasi-state diagram 
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Chirping  

(time dependent frequency) 

FT Pulse 

Time 

Positive Chirp Negative Chirp 

Quadratic Chirp Linear Chirp 

Concave Down Concave Up 



Selective Excitation by Quadratic chirping 
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Laser Frequency 
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Selective Excitaion of K atom by Quadratic chirping 
(Simulation） 
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Complete selective excitation of K atom 

1.22 10 4

1.24 10 4

1.26 10 4

1.28 10 4

1.3 10 4

1.32 10 4

1.34 10 4

0 100 200 300 400 500 600

0

0.2

0.4

0.6

0.8

1

1.28 10 4

1.3 10 4

1.32 10 4

1.34 10 4

1.36 10 4

1.38 10 4

0 100 200 300 400 500 600

0

0.2

0.4

0.6

0.8

1

Time (ps) Time (ps) 

4S → 4P1/2 Excitation 4S → 4P3/2  Excitation 

Intensity     0.36 GW/cm2 

Bandwidth    973 cm-1 
Intensity 0.125 GW/cm2 

Bandwidth    803 cm-1 

P
ro

b
a
b
ili

ty
 

F
re

q
u
e
n
c
y
 (

c
m

-1
) 

4P1/2 

4P1/2 4S 4S 4P3/2 

4P3/2 

F
re

q
u
e

n
c
y
 (

c
m

-1
) 

P
ro

b
a
b
ili

ty
 

Complete & Selective ⇒ Transition time ~ 1/ΔE  



Selective Excitation 

• Selection utilizing interference 

 

• Two Pulse Sequence (Ramsey) 

 Perturbative (Small Probability) 

 Can be faster than the uncertainty limit 

  

• Quadratic Chirping 
Non-perturbative (Large Probability) 

Complete & Selective Excitation  

    (As fast as the uncertainty limit) 



Spectroscopy Utilizing 

Quantum Control 

Spectroscopy for short-lived 

resonance states 



Quantum Control 

System 

(Known) 

External Field 

(to be searched for) 

Result 

(Given) 

Inverse problem 



Feedback quantum control 

(Experiment) 

System 

(Unknown) 

External 

Field 

Result 

Field design without 

the knowledge of system 



Feedback spectroscopy 

System 

External 

Field Result 

System information is obtained from the  

optimal external field 

A new type of 

inverse problem 

Uniqueness? 



Feedback Spectroscopy 

 

Uniqueness is required!! 

 (Proper settings of the problem & constrain ) 

Benefits 

•Utilizing complicated laser pulse 

•Creation of special quantum states 
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State Selective Spectroscopy 

for short lived resonance states 
Peaks having the natural width 

      (dotted & broken lines) 

 

Overlapping resonance 

 

Mixture of the signals 

      (Solid line) 

State selected signal 

 -> Possible? 

State selective excitation 



Excited states having decaying process 

decay 

Decay process 

 

・Finite Lifetime 

・Energy width (Natural width) 
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Selective excitation to decaying state 

 

 

exp exp
2

             exp exp
2

iEt i t t

i t t





 
  

 

 
   

 



Breakdown of selectivity due to the 

decaying process 
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Incomplete interference due to the decaying process 



How to achieve the selection 

• Modify the intensity of the 2nd pulse 

 e
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1

2 Reduce the intensity 

（condition for the intensity ratio） 

   )12(  nE
Destructive intereference 

（condition for the phase） 

Selection is possible even for the decaying states 

Intensity ratio → Lifetime （Width） 

Phase difference & Delay → Energy（Position） 



Feedback spectroscopy? 

System 

(Position & with) 

External 

Field 
Result 

(selection) 

System information is obtained from the  

optimal external field 

A new type of 

inverse problem 

Uniqueness? 



Problem 

It is impossible to measure the selection ratio! 
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4 pulse irradiation  

(Suppressing both two states) 

Δτ1 

δ１ 

ｒ１ 

1st pulse 2nd pulse 3rd pulse 4th pulse 

Δτ１ 

δ１ 

ｒ１ 

Δτ２ 

δ２ 

ｒ２ 

Suppressing both states Combination of pulse pairs  

to suppress one transition 

Necessary & Sufficient 



4 pulse irradiation  

(Suppressing both two states) 

Δτ1 

δ１ 

ｒ１ 

1st pulse 2nd pulse 3rd pulse 4th pulse 

Δτ１ 

δ１ 

ｒ１ 

Δτ２ 

δ２ 

ｒ２ 

Suppressing both states Combination of pulse pairs  

to suppress one transition 

Necessary & Sufficient 



New Spectroscopy 

• Irradiating a train of 4 pulses 

• Searching for a condition to achieve zero 
total excitation probability 
 
 

• 1st + 3rd pair -> selecting one transition 

• 2nd + 4th pair -> selecting the other 
 

• positions and widths of both states 

• Enabling state selective pump probe 



Model  
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• Parameters →  

 

 

 

 

 

 

Successive optimization of single 

parameter from a, b, c, d, a, b,,,  

(to obtain the minima of total excitation) 

Feedback Scheme 

2121 ,,, rr

  2/21  a

  2/21  b

  2/21 rrc 

  2/21 rrd 
.    

Intensity ratio 

Phase differences 



# of loop  Re(E1) Im(E1) Re(E2) Im(E2) P1/P2 P2/P1 

       1   9999.5 28.8385 10018.1 31.1767    0.102    0.078 

       2  10002.7 25.3285 10016.7 27.4977   0.0565   0.0325 

       3   9999.5 25.0348 10019.6 26.9731  0.00238  0.00315 

       4  10000.1 25.0348 10020.7 26.9731 0.000471 0.000301 

Exact  10000      25  10021     27        0        0 

Spectroscopic data and the selection ratio 

obtained after nth optimization 



Results 

• State selective spectra 

 

• Rapid convergence 

 

• State selective pumping 

 

• Powerful method for the study 

of ultrafast phenomenon 
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3rd loop 

4th loop 



Feedback spectroscopy 

System 

External 

Field Result 

Pulse train of 4 pulses Zero total excitation probability 

Positions and widths 

Selective pumping  



Quantum Control Spectroscopy 

• Feedback scheme provides the optimal conditions for a 
pulse train of four pulses to achieve zero total excitation 
 

• Parameters of the optimal pulse train give the positions 
and widths 
 

• Selective pumping pulse pair can also be obtained (state 
selective time resolved spectra) 
 

•  Can be extended to N level system 
 

• Applicable to autoionization (Auger) and predissociation 



Summary 

Quantum Control 

• Ultrafast Selective Excitation 

   A pair of weak pulses 

    Quadratic Chirping 

 

 

•  Quantum Control Spectroscopy 
  (overlapping by natural width) 

 

 

• Molecular computer 
(Classical computer) 
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Phys. Rev. Lett. 104 180501 (2010) 

Nature 465 (2010) 

Quantum control  

and  

Classical computation 



Ultrafast Fourier Transformation 

with Molecule & Pulsed Laser 

Phys. Rev. Lett. 104 180501 (2010) 

X state 

B state 

gate pulse 

I２ 


