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Quantum Control

(Given)
}
External Field
(to be searched for)




Why Laser?

Coherence

High Intensity
Short Pulse (Broad Band)

Pulse Shaping



Focused Intensity (W/cm?2)

History of Laser Intensity
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History of Laser Pulse Duration
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Laser Pulse
Short-Pulsed Laser Long-Pulsed Laser CW Laser
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Pulse Shaper

feedback Fourier Expansion
. i(jot)
f(t)= Z c.e
J

Control of the Fourier coefficients

adaptive
learning
algorithm

LCD
(Transmittance & Refractive indexes are controlled.)

What Is the optimal shape?



Quantum Control

(Given)
}
External Field
(How to shape?)




laser field amplitudes
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Numerical optimization of the laser field for
Isomarization trimethylenimine

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

‘ |1
HAHTIE Iigll Al

Complicated Wave Form

Isomer A Isomer B

FIG. 1. Two different conformations of trimethylenimine.

Why this shape?
Any simpler?
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Quick Review on Quantum
Mechanics

e Stationary problem

Semi-classical picture, Eigenstates,
Time propagation, Uncertainty Principle,,,

 Dynamical Problem

Perturbation, Dressed State, Rabi oscillation,
Adiabaticity, Nonadiabatic transition,,,,



Schrodinger Equation

Time Dependent Schrodinger Equation

d

in—Y(r,t)=H(r,t)¥(rt)

dt

Time dependent part

If the Hamiltonian is time-independent

(r,t)=e""d(r)

d
dt

Stationary Schrodinger Equation

n° d?

2m dr?

—H(r,t)=0, ¥

+V (r)

N

Time independent part
(Eigen Function)

®(r)=E®(r)



Exponential Function

Im «

Re o

Time evolution of an eigen function

Im¥(r)

"5

ReW (r)

e

r

The shape does not change



A Superposition of Eigen States
Y. (r)+¥,(r)

=g 'Et/" (sin (r)+e (BBl cos(r))

T
/%
}%é@r Rew (1) % r

Time dependent shape

Y, (r)=e""sin(r)

27h
Ez _ El

¥, (r)=e""cos(r) Period T =



Semiclassical Picture

Classical Particle

Q X Amplitude 1 1

1 P(r) - u(r)

Classical Probability

Property of wave

De Broglie

-
27h
Wave Length oc ——

p(r)




Wave Function of a Free Particle

Time Independent Schrodinger Equation

- g _
g e +V (r) |@(r)=ED(r) piane wave
y (r)=V, (Consta_nt) O (r)=e™"
p=./2m(E-V,)

V) ( r. t) _ e—iEt/he_ipr/h



Plane Wave and WKB

Constant Potential r-dependent Potential
_— Zhrzn ;:2 +V_CD(I’) =ED(r) {— ;l; (;j:z +V (r)}D(r) =E®(r)
_Plane wave _ WKB Approximation
CD(r):Aexp[J_rl pr} O (r)= p’?r)exp{i%fp(r)dr}
P j r)dr = pr p(r),

sszrdr
. e



WKB and Exact Wave functions

VY
Line: WKB
Cross: Exact |




Constructive Interference
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Destructive Interference

Vanish!

7T Phase Shif_t




Bohr’'s Quantization Condition

Eigen State 1 pr=n Not satisfying the condition
h

(The First Cycle)
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Bohr’'s Quantization Condition

Eigen State Not satisfying the condition
(After two cycles)
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Bohr’'s Quantization Condition

Eigen State Not satisfying the condition
(After three cycles)
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Bohr’'s Quantization Condition

Eigen State Not satisfying the condition
(After Many cycles)




Time Dependence

Eigen State

Not satisfying the condition
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How can a non-stationary state survive?

After 2 cycles After 45 cycles
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Stick Spectra can be observed only after an infinitely long time

Uncertainty Principle



Uncertainty Principle

AE
AEAt > 27h
In order to distinguish two energy levels
AT > 27h ~ Classical period of motion
/ IAE \ - 27h
Uneertainty Iimi(Elassical period of motion AE

Observation time



Harmonic Oscillator

Energy Levels

E = hw(n +i
2

Energy Spacing

AE=E_ —E

N

Classical Period of motion

T:2—7Z = | =
0,

j \
\
X

= hw

27h
AE



Particle in a Box

Energy Levels

hen°r’
E = >
2mL
Energy Spacing
AE = (En+1 o En)_(En o En—l)
" 2
herm?
— 5 N
mL

Period of motion
2
Tn=2L= 2L :2mL N _I_n:27zh
V. J2E,/m nzh AE,

n+1

n-1



Rotational Motion

A Particle having angular momentum J

J =mrv=mr20

Period of motion
27 27mr?
TJ = — =
6 J

Energy Spacing obtained from the classical period
~2zh Jh
T, mr’

Energy Spacing (Ej+l — E; ) _(Ej B Ei—l)

AE,

2



Time-independent Hamiltonian

_ o 1 . 1
Amplitude: m m

27h
Wavelength: o€ ——

p(r)

Interference: Uncertainty principle
27h

Energy Spacing: AE =

T

classical

Eigenstate: Time independent shape

Superposition of two Eigenstates: > rh
time-dependent shape with periodAE = —



Time-Dependent Problems

H (r,t)=H,(r)+H'(r,t)



Weak Field Limit

Time Dependent Perturbation



Time-Dependent Perturbation Theory

The coupled Schrodinger Equations
= 2.6 (ty; (1)
J

The Initial Conditions

Cj (—oo):;l (J :O)

0 (j=0)

\

Perturbative Transition Amplitude

| 1 (i=0)

Cj(t):ij <wJ‘H ‘wo>dr (j;tO)




Perturbation Theory for Laser Dynamics

Dipole approximation for light-matter interaction
H'(r,t)=—4-F(t)
Matrix Elements

<%\H’(f)\%>=exp[é(5 —E )t}ﬂoj (1)

/Zle :<¢O‘ﬁ‘¢j> (here W, —elEJt/h¢J)
Transition amplitude
C; () :ji<W0‘H’(T)‘WJ>dT = fly; - F (AE)

Laser Field in the Energy Domain

F (AE) - jidtepo(AE)t} £ (1)



Laser Pulse
Short-Pulsed Laser Long-Pulsed Laser CW Laser
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Linearity of the Perturbation Theory
Additivity
H=H,+H,(t)+H,(t)
e, ()= (A|H. (7)+ Ha(7)|g,)dr
= [ (&IH,(2)]g)dz + [ (4|H, (7)]¢;)dz

Homogenelity
H=H,+aH'(t

S
v
N



Time-Periodic Interaction

Floguet Theory

Dressed State Picture



Floquet Theory

(Exact Treatment for periodic Hamiltonian)

Schrodinger Equation

m%xp(t): H (t) ¥ (1)

Time periodic Hamiltonian

H(t+T)=H(t)
Wavefunction (the Floquet theorem)
. &
w; (1) =exp| - ;t 4 (7) ¢;: Quasi-Energy

¢ (z+T)=¢,(7) ¢; (t): Quasi-State



Atom + Laser
Quasi-state: (atom + photon + atom-photon interaction)

AE = py,F

Frequency of laser



Stationary VS Floquet

Time-independent Potential time-periodic Potential
NS (r,t) = H ()% (Y oy () =H (rw(r)
Eigenstate basis Quasi-state basis
Wi (rit)=e"o(r) y;(rt)=e""g(r.7)
(t =nT + r)
Initial state Initial state

¥ (1,0)= @, (1 y(r,0)= e, (1,0

j



Two-state case

Initial state

W(r,0)=jzz;cj¢j(r,0)

W(r’t) — Cl¢1 (r’ z_)e—igl'[/h 4 CZ¢2 (r’ Z_)e—igzt/h

Superposition state - Periodic motion of wavefunction

Rabi-frequency

1
£ :%(‘92 _51)



Rotating-wave Approximation

(Consider only E; + e, E;, and uF)

Excitation Pro(babili)t}/ Rabi Frequency
uF L, 0 1 1 [ 2
P, (t)= =t (g, —g)==
2 (1) 52+(,uF)2 sin > Q h(gz &) h\/é +(uF)
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Slow Limit

Adiabatic Approximation



Adiabatic Approximation
Example: Stark Effect

Energy Levels

Electric Field



Adiabatic Approximation
Example: Stark Effect

(tE.

() =0 1 51 fo ()

H(r,t)pi” (r,t)=E;(t)p;” (r,t)
(t is assumed constant)

Energy Levels

Nonadiabatic Transition
Transition due to breakdown of
the adiabatic approximation

|\

—

Electric Field



Stationary and Adiabatic

Time-independent Potential

dt

Eigenstate

¥(r,t)=e"="D(r)

=1 s=[E(t)t=Et

N\

in (1) = H (1) (r,t)

time-dependent Potential

Adiabatic

LP(r,t):exp_—ij; E;T)

E(t)

ihdi\y(r,t):H(r,t)w(r,t)

dr CD(r,t)

jE t)dt

\N\@




WKB and Adiabatic

r-dependent Potential time-dependent Potential

{_ Zzn C?rzz N (r)}p(r): E(D(r) ih%‘{’(l’,t) =H (I’,t)‘}'(l’,t)

WKB Adiabatic

A i - L E(r
(r)= o) exp{i%_[ p(r)dr} LIl(r,t):exp_—ij0 E; )d
(), =), = [E(t)t

S :j p(r)dr
oSl m

T CD(r,t)




Adiabatic? Nonadiabatic?

Rapid sweeping of the field

l

Short time stay at a point

l

Large energy uncertainty

l

Adiabatic
/ 7 AE > A¢g
-10 - l
Electric Field Nonadiabatic Transition

Fast sweep and small energy spacing -> nonadiabatic



Adiabatic? Nonadiabatic?

Rapid sweeping of the field

\ 10 Region

Short time stay at a point

l

Large energy uncertainty

\ AE ZlAg

l

Electric Field Nonadiabatic Transition

Adiabatic

y

10+

Fast sweep and small energy spacing -> nonadiabatic



Excitation after one period of oscillation
S = [E(t)dt

Vi

\

Electric Field Electric Field

Two paths interference



Control of nonadiabatic transition
Teranishi and Nakamura, Phys. Rev. Lett. 81, 2032

3% Periodic sweep of adiabatic parameter

#Bifurcation at the crossing

#: Phase can be controlled by AA, AB

e Interference effects

AB 3tMultiple double slits

# Bifurcation at slits

I><I I < # Interference can be controlled by
| AA, AB

detector




E/D
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E/D

Example of control
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Laser Control with shaped pulse

H'= uF (t)cos
E.+7w

.
ws®
"

““
““
.

«s®
as®
““
.

ol ]
~
Yay
by
Ty
4,
4,
“ay
L ]
Ya,
ty

"ay
",
-
~
Ya,
by
ol ]
Yay
",
"y
e,
....

Frequency of laser

[fo(t)dt




Time-dependent problem

* Perturbation (Weak field limit)
Transition amplitude - Fourier Component
Linearity (Additivity and Homegeneity)

* Floguet (Periodic)
Eigenstate = Superposition of guasi-states

* Adiabatic (Slow case) and Nonadibatic

Periodic sweep of adiabatic parameter
-> Control



Outline

e [ntroduction to Quantum Mechanics

Schrodinger Equation
Stationary Problem >
Time-Dependent Problem I

Quantum Control
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«  Quantum Control Spectroscopy
(overlapping by natural width)

[ntensity

 Molecular computer
(Classical computer)

9800 9900 1 10* 1.01 10* 1.02 10*



| aser Control of Atomic and
Molecular Processes



Quantum Control

(Given)
}
External Field
(to be searched for)

Inverse problem




Ultrafast Selective Excitation




Ultrafast Selective Excitation

Intense & Ultrafast Laser
- fast transition

Nonlinear Process & Broad Bandwidth
— undesired transition |

P

Selective Excitation
- EXxcite to a desired state

- Suppressing undesired transition

How much fast selection is possible?



Ramsey Fringe
(Perturbative Double Pulses)

F(t)= exp{— At_lz_z }exp[ia)t] +exp| — (tA_TTZ) exp[i {a)(t —7)- f}]

Phase Difference

A VVYAVVYAVYAVAVLYs
Interference
AVAVAVAVAVAY/

¢! (t)exp| —i (a7 +6) ]

mﬂﬂﬂ lﬂhn* MnhnA Mﬂnﬂ

"?!{ﬂqjv o0 UW;ES“ '”é‘d!vw 100 JU@H&“’

Transition Amplitude

c; (t)=ci(t)+c! (t)exp| —i(apyr +6)]

'7: Time delay |



Young'’s Interference Experiment
Interpretation of C; (t) = C? (t) + C? (t)exp[—i (a)mr + 5)]

The Excited State eiElt/ h

VAVAVAVAVAVAVAVAVAVAVAVAVE
NAVAVAVAVAVAY/

3 piEot/

VAVAVAVAVEA VA VA

The Ground State




Selective Excitation of Cs atom
( Separation of Fine Structure )

j Interference

>
>

760 — 780 nm

6S 1/2 - -
1tpulse 2" pulse

(86fS) <Gy (86fS)
Delay

2 pulse interference

Fluorescence o Parameters
©) - Time delay
- phase difference

4 ¢ Interference

e Suppression of a
specific transition

Spin orbit splitting AE 21cm-
Uncertainty Imit  At=1/AE




MCS

Experimental Facility

Preamplifier

AOPDF
e0, |_L- ]Ti:§apphire
[ oscillator
RF generator 5
Hﬂﬂm Internal
trigger
AX|mE

Computer




Delay: 4001 s
( Experiment and Theory )

Normalized transition probability Branching ratio
1.2 . 1
® 7D(3/2)-400fs (exp ® R-400fs (exp)
O 7DES/23-400fs gexpg ——R-400fs (calc)
1L - —— 7D(3/2)-400fs (calc)
.’ < 7D(5/2)-400fs (calc) 0.8 e -
0.8 P 2
‘-\ S O 0.6
0.6 |- s
‘ ' 0.4
0.4 ’
0.2
0.2
0 \\Q- -':_, 0 | I | [ |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

phase difference/ =« phase difference/ =



Normalized transition probability

Delay 300fs
(Exp. & Theory )

1.2 . .
@ 7D(3/2)-300fs (exp)
<& 7D(5/2)-300fs (exp)
1 —7D(3/2)-300fs (calc) -—
----- 7D(5/2)-300fs (calc) O~
0.8 4 &
0.6
q
0.4 |-
0.2 |-
0 1
& 02 02 o086 0.8

phase difference/ =

Branching ratio

® R-300fs exp)
—R 300fs calc)

0 0.2 0.4 0.6

phase difference/ =«

Selection is possible even whent <At = 1/AE



7 10°°

6 10~

Transition probability

Large transition probability

510"

4 10°

310°

2 10°

110"

Breakdown of the Selectivity
(Theoretical simulation)

Peak intensity: 0.1GW/cm?

.

Lea —— 7D(3/2)-400fs-0.1G (calc)
.’ ‘\\ ----- 7D(5/2)-400fs-0.1G (calc)

0.2 0.4 0.6

phase difference/ =«

0.25

o
N

0.15

Transition probability
o

o
o
o1

0 0.2

Peak intensity: 5.0GW/cm?

. —— 7D(3/2)-400fs-5G (calc)
.’ ".\ ----- 7D(5/2)-400Fs-56G (calc)

0.6 0.8 1

!
0.4

phase difference/ =«

bad selectivity nonlinear effect



Breakdown of the selectivity
e pz(l'pz)

Interfere

0 P> —{(1-p;1-Pp,) P,

o p.(1-p,)

Interfere

S . PL o PR PL

1st pulse 2nd pulse
1 @ 1-p,-p

Selection - pq, p, <<l Linearity

0>




Non-Perturbative Selective
Excitation

Quadratic Chirping



Quasi-state diagram

H'= uF (t)cos Jta)(t’)dt’
E.+7w B
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Frequency of laser




Chirping
(time dependent frequency)

FT Pulse

Linear Chirp Quadratic Chirp

Positive Chirp  Negative Chirp Concave Down Concave Up

»

Time




Selective Excitation by Quadratic chirping
E(t)

(1'p1)(1'p2)/

(1-p1)(1-p,) P,
N




Selective Excitaion of K atom by Quadratic chirping
(Simulation

Small Probability

|

Both selective

Perturbative region (1 MW/cm?)

1.31 10*

1.305 10*

<

R
:

0.01

0.008 -
0.006 -

B(cm™)



hcHE=R

High Intensity

(0.125 GW/cm?)

0.8 +

0.6 | it i

L 4P(3/2
0.4 I | 4P(3/2)
| 4P(1/2)
0.2 _
O L | “'-_
1.29 10* 1.295 10 * 1.3 10* 1.305 104 1.31 104
B(cm '1)

Upper level (Red)
|

Incomplete destruction

Lower level (Black)

l

Complete destruction




i
1
S
N—r

Pe
o

C

Frequen

Complete selective excitation of K atom

4S - 4P, Excitation 4S - 4P,, Excitation
Intensity  0.36 GW/cm2 Intensity 0.125 GW/cm2
Bandwidth 973 cm-1 Bandwidth 803 cm-1
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Complete & Selective Transition time ~ 1/AE



Selective Excitation

e Selection utilizing interference

 Two Pulse Segquence (Ramsey)

Perturbative (Small Probabillity)
Can be faster than the uncertainty limit

e 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

(Given)
}
External Field
(to be searched for)

Inverse problem




Feedback quantum control
(Experiment)

External

: Field design without
Field the knowledge of system




Feedback spectroscopy

System information is obtained from the
optimal external field

External

Fleld

A new type of
iInverse problem

Uniqueness?



Feedback Spectroscopy

Benefits
Utilizing complicated laser pulse
Creation of special quantum states

Uniqueness Is required!!
(Proper settings of the problem & constrain )



State Selective Spectroscopy
for short lived resonance states

2
Peaks having the natural width
(dotted & broken lines)
1.5 _
- Overlapping resonance
+
a Mixture of the signals
B (Solid line)
L
State selected signal
0.5 |- -> Possible?
- _,,---,.,-r---" , T State selective excitation
9800 9900 1 10 1.01 10 1.02 10*



Excited states having decaying process

I.
E—g¢ +EI Decay process
Finite Lifetime
Energy width (Natural width)
exp(iEt) = exp(igt —gtj
; | r
decay = exp(—lgt)exp(—atj

Selective excitation to decaying state



Breakdown of selectivity due to the
decaying process

. e—FzAz'e—ingr p2
0 0 Interfere
2 M2
.................................................................................................... 9)
P o FlAre—lglAr pl
Interfere
N SO o< S |
1st pulse 2nd pulse
M—. 0

Incomplete interference due to the decaying process



How to achieve the selection
 Modify the intensity of the 2nd pulse

r — l, —p A7 Reduce the intensity
|1 condition for the intensity ratio

Destructive intereference
(E B a))AT =o+(2n+z condition for the phase

Selection Is possible even for the decaying states

Intensity ratio - Lifetime Width
Phase difference & Delay - Energy Position




Feedback spectroscopy?

System information is obtained from the
optimal external field

External

Result

(selection) Field

A new type of
iInverse problem

System
(Position & with)

Uniqueness?



Problem

It IS Impossible to measure the selection ratio!

Intensity

9800 9900 1 10* 1.01 10* 1.02 10*



4 pulse irradiation
(Suppressing both two states)

AT

/ o) \
15tﬁulse 2nd@ulse

3rdeulse 4th ﬁjlse

\A T1

\ar /

Necessary & Sufficient

Combination of pulse pairs
to suppress one transition

<

>

Suppressing both states




4 pulse irradiation
(Suppressing both two states)

AT

/ o) \
15tﬁulse 2nd@ulse

3rdeulse 4th ﬁjlse

\A T1

\ar /

Necessary & Sufficient

Combination of pulse pairs
to suppress one transition

<

>

Suppressing both states




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



[ntens ity

Model

9800 9900 1 10 1.01 10 1.02 10

E, =10000- 25i [cm™]
E, =10021-27i [cm™]

A7, =300fs
At,=330fs



Feedback Scheme

Phase differences

« Parameters — I, r21511 52 e
\
q = (51 n 52) /92 Intensity ratio
b=(5,-05,)2
C= (rl T rz)/z
d=(r—r,)/2

Successive optimization of single

parameter from a, b, c, d, a, b,,,
(to obtain the minima of total excitation)



Spectroscopic data and the selection ratio
obtained after nth optimization

#of loop Re(E&) Im(£&)) Re(E,) Im(£,) PP, Pl P,
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




Results

State selective spectra

 Rapid convergence

e State selective pumping

 Powerful method for the study
of ultrafast phenomenon

] S |
1 1¢ 1.01 1¢ 1.02 1¢

0, [Cm'l]

9800 9900



Feedback spectroscopy

Zero total excitation probability Pulse train of 4 pulses

External

Fleld

Selective pumping
Positions and widths



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

e [ntroduction to Quantum Mechanics
Schrodinger Equation

Stationary Problem >

Time-Dependent Problem I

Quantum Control

o Ultrafast Selective Excitation

A pair of weak pulses :
Quadratic Chirping

«  Quantum Control Spectroscopy
(overlapping by natural width)

[ntensity

* Molecular computer LN N
(ClaSSICaI Computer) 9800 9900 1 10* 1.01 10° 1.02 10¢




RESEARCH HIGHLIGHTS

QUANTUM INFORMATION

Leak-proof chips

Phys. Rev. Lett. doi:10.1103/PhysRevLett.104.180501
(2010)

Semiconducting chips are fast approaching
classical limits. Electrical circuits have
become atomically thin, causing errors in

their logic gates when current leaks out.
However, quantum manipulations of atoms
and small molecules offer a way around
these limits.

Kenji Ohmori at the Institute for Molecular
Science in Okazaki, Japan, and his colleagues
describe a new logic component that could
be used in quantum-information science. It
is an ultra-fast Fourier transform, a standard
mathematical tool used in electronic signal
processing to convert signals from one
function to another.

The team excited an iodine molecule
such that its quantum vibrations executed
Fourier transforms in just 145 femtoseconds
— several orders of magnitude faster than
is possible in today’s computer chips. The
technique shows another way in which a
quantum computer could, in theory, be both
faster and more accurate than a classical
computer. E.H.

Nature 465 (2010)

Quantum control

and
Classical computation

|8 Selected for a Viewpoint in Plysics

PRL 104, 180501 (2010) PHYSICAL REVIEW LETTERS 7 MAY 2010

o
»

Ultrafast Fourier Transform with a Femtosecond-Laser-Driven Molecule

Kowichi Hosaku,'= Hiroyuki Shimada,'= Hisashi Chiba,' Hirovuki Katsuki,'=" Yoshiaki Teranishi™
Yukivoshi Ohisuki 24 and Kenji Ohmor '
Vinstinete for Molecular Science, Natiomal Instingtes of Namiral Sciences, Myodaifi, Ehazaki 444-8585, feapwin
“CREST, Japan Science amd Tectmodogy Agency, Kawagnehi, Saitama 332000 2, Japen
The Greadente University for Advanced Suedfes (SOKENDAL, Shoman Villoee, Hovama, Kanagawa 240-00 93, Fapon
N et of Chenistey, Groduate Seluel of Science, Todwkn Unfversity, Sendat D8-8578, Japan

(Received 7 Jomuary 2000; published 3 May 20110)

Wave functions of electncally neutral syvstems can be wsed as information camiers o replace real
charges in the presemt Si-béased circuit, whose [urther integraton will result in o possible disaster where
current leakage s wnavoidable with insulmors thinned o womic levels, We have experimentally
demonstrated o new logic gae based on the emporal evolution of a wave function. An oplically ailored
vibrational wave |\.|.L\;I in the iodine maolecule |||||l||'|r'|'.':'.lx fionr= anad .'|::||I clement discrete Founer
transfomm with arbitmary real and maginary inputs, The evolution time is 145 f5, which is shoer than the

typical elock penod of the current fastest Si-based computers by 3 orders of magnitudes

DO 1k D IO Py sRev Lo 104, | 8050 PACS numbers: D367 La, 3380 =, 42500, 8253 Kp

Phys. Rev. Lett. 104 180501 (2010)



Ultrafast Fourier Transformation
with Molecule & Pulsed Laser

151, -, -1, )

i 1, U )

!

common hardware

shaped
write pulse m

molecular input

reference
pulse

molecular output
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Phys. Rev. Lett. 104 180501 (2010)
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