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Key principles of qguantum control %
Static & Dynamical control

:: |2>=%[|A>—|B>]
|1>:%[|A>+|B>]
hv
50% product A, 50% product B
| D . >:i[|l>i|2>]:|A>or|B>
o2

L aser-field manipulation of constructive and destructive
Interferences of the evolving molecular wave function.
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Optimal control experiment (OCE) %

lack of the knowledge about molecular Hamiltonian
(existence of experimental noises)

M easurements can destroy a molecular wave function.

Learning Control
need minimal or even no knowledge of the Hamiltonian
statistical solution search

development of laser shaping techniques



Optimal control experiment (OCE)

Closed-loop experiment

Optir%n%trd

=

pulse
shaper

adjusting control knobs

learning algorithm

pulse
E new (1) molecular samples

measured
results
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Examples of OCE’s %

complex systems
| solated s

systems charge-transfer coordination complex, ...
strong-field dynamics
dissociation & rearrangement of chemical bonds
selective generation of high harmonics

Condensed  PuUlse propagation
Systems self-phase modulation

application to biological systems

branching ratio between intramolecular and
Intermolecular energy transfer processes
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Why optimal control theory ? %

It is natural to employ optimal control procedures for
clarifying the mechanisms of OCE results.

New Rules

o N\

numerical simulations
& model analyses
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Research subjects %

Fundamentals

Development of solution algorithms
Decoherence effects on quantum control

Applications

L aser-induced surface dynamics
| sotope separation
Biological systems

Challenges
Molecular quantum computer
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Meshulach & Silberberg, Nature (1998)
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Meshulach & Silberberg, Nature (1998)
Ssignal | [ 4 B(0g/2+ Q) B(wg/2-Q) [

B(wg/2+ Q)= A, (Q) exp[i by (Q)]

Ssignal « | [ dQ A (Q) A_(Q) exp{i[6,(Q)+0_(Q)]} |
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Bright Pulse
6, (Q)=-6_(Q)=asin(fQ)

Ssignal x H dQ A (Q) A_(Q) |2

Dark Pulse

0,(Q)=0_(Q)=acos(fQ)
Ssignal « | [ dQ A, (Q) A_(Q) exp[ 2ia cos(f Q)] |

|1 dQ AL(Q) AL(Q) Jg(2a) |

(¢ =1.2,2.8,4.4,L )
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OCE %

Hornung et a., Appl. Phys. B 71 (2000)
Na 3S —» 5S

O()=acos(fQ+y) Ssignal (@, By)

Meshulach & Silberberg



Optir%n%trd

GA

Y =Y(x, X, L , X)

{X, %2, , X}
f (X) xe[0,1]
28 = 256
Xp = 00000000 X, = (k—2)Ax; Ax=1/256

% = 00000001

Xosg =11111111
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step 1
N (< 256)

step 2
k F (%)

step 3

step4d GA
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GA

X =11£01110 % =00£10100

|

X =11110100 X, =00101110

|

Xy =10110100 X, =00101110

f
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K. Nakagami, Y. Ohtsuki, and Y. Fujimura, J. Chem. Phys. 117, 6429 (2002).

Y. Ohtsuki et al., Chem. Phys. 287, 197 (2003).
Y. Ohtsuki, and H. Rabitz, CRM Proceedings and Lectures, 33, 151 (2003).

Y. Ohtsuki, J. Chem. Phys. 119, 661 (2003).
Y. Ohtsuki, G. Turinici, and H. Rabitz, J. Chem. Phys. submitted.
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Optimal control method in wave function formalism %
Schrodinger’ s equation

ih§|w(t)>=[Ho—ﬂE<t)]|w<t)>

1 . electric dipole moment operator
E(t) : electric field (semiclassical approximation)

optimal control method

(1) Introducing atarget operator \W to specify
a physical objective.

(2) Adding a penalty term due to pulse fluence
In order to reduce pulse energy.

(3) Introducing a Lagrange multiplier density
¢(t) that constrains the system to obey
the equation of motion.
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objective functional %

unconstrained objective functional
J=<y(t;) |W| w(t;)> «—— (1) expectationvaue

Lt
1
| dtﬁ[E(t)]2 «— (2) pendty term
0
j 0
—_— i —— t
+Re{h (j) dt<&(t) |( ih " H' )] l//(t)>}
(3) constraint due to the Schrodinger equation

| £(t)>  Lagrange multiplier
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coupled pulse design equations

optimal control pulse
E(t) =—-2AIm<&(t) |u| w(t)>

A parameter that weighs the significance of penalty

the Schrodinger equation
h—| w(©)>=[Ho-#E®]| w(0)>

initial condition | w(0)>=| wo >

the equation for Lagrange multiplier

h-=| £0>=[Ho-#E®]| &0 >

final condition | £(ts)>=W| w(ts)>




density matrix formalism

Quantum Liouville equation
0

ih—p(t) =I HY, p(t)]-ih T p(t)
H' = Hg - E(t)
p(t) density matrix
[ p(t) relaxation term

unconstrained objective functional

t

L[ datrE@®)?
0]

J =tr{W p(t )} A
L

+jmn@m(mﬁ_$)pm}
n ot

Optir%n%ntrol
A

pulse design
equations
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density matrix formalism %

Double (Liouville)-space notation

Definition of inner product between operators A and B
<< A |B>>= tr(A'B)

ih%\ p)>>=L"| p(t)>>—ihT| p(t)>>

unconstrained objective functional
L
T =<<W |p(t;)>> - [ dt[E(®)]?
hA

Lt
b dt<<=@®) |( hZ-Lh )| pt)>>
! ot

| E(t)>> Lagrange multiplier density
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density matrix formalism %

optimal control pulse
E() =5 A<<Z(@) [M| p)>>  with M o [u ]

A parameter weighing the significance of penalty

the Liouville equation

ih %\ p)>>=L"| p(t)>>—ihT| p(t)>>

initial condition | p(t=0)>>=| pg>>

the equation of motion for the Lagrange multiplier
ih %\ 2(t)>>=L'| E(t)>>+hTT| Z(t) >>

final condition | E(tf) >>=| W>>
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generalized formalism %

J:% < xk(tf)>—xk\2 )

i
+|z [ dtv®<R®)>-1® : I
0
tf

1 2 - J
+hA(j) dt[E(t)] 3
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generalized formalism %

Double-Space Representation
INnner product between operators A and B

<< A |B>>=tr(A'B)

o J1=Zk: ‘<Xk(tf)>_xk‘2

=3 e X1 ptte) > —x << p(tg) >>
k

We < > W >><<W | (W >>:|X|;r >>—|1>> X )
Kk

2

Quadruple-Space Representation
inner product between double-space operators Xe and Yg
<< X@ |Y® >>= tr® ( XéY@)

- =
3y =<<W | pe (t ) >>
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generalized formalism

Y@(t)<—>IZ M ©O >y O <O CIYEO>=R >-[1>>rn(t) )

.- =
5

Jo=| dt<<Yg(t)]pg(t) >>
0

Objective functional In
guadruple-space representation
5
J :<<W® |,O®(tf ) >> -|-J. dt<< Y®(t) |p®(t) >>
0
L

1 2
+ﬁ(f) dt[E(t)]

with a constraint of satisfying ih % | P (t) >>= Ly | pe (1) >>
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generalized formalism %

ih%|u(t)>=[a—ﬁlz(t)]|u(t)>

L L
J =2Re< X |u(t{) >+2Re | dt<Y(t)|u(t)>—%A\j dt[E(t)]?
0 0

[ Hermite

Lt Lt
Ji =<u(ts) [ X u(ts) >+ dt<u(t)|Y(t)|u(t)>—ﬁj dt[E(t)]?
0 0
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generalized formalism %

E(t)=—Alm< A(t)| #|u(t) >
.0
|ha|u(t)>:[a—ﬁE(t)]|u(t)> |u(t = 0) >=|ug >

ih%l/l(t) ol = BTEM 1140 > —ih [Y@)> | A(ts)>= X >
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solution algorithm %

ih%M(k)(t) s=[a" = gTE® 011200 > -ihY)y> [1240@1) > X >

EQ® =-AIm< 20 @0)| g 1u*D 1) >

ih%w(k)(t) s=[a- BERO IR0 > Jult=0)>=|uy>

EK ) =-AIm<2® 1) g1u® ) >
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solution algorithm g/ﬁ

|su® kD (1) >=u® @) > - u* D ) >

5J|(k, k-1) _ JI(k) _Jl(k—l)

L
=2Re< X |suk* Dty > 42Re| dt<y(®)|sul D) >
0
1
-] dt{[EX )12 -[E¥D1)]1%}
0

Ptk 1) = 2Re < A0 (1) | su® KD 1) >

P kDt )=2Re< X |su kDt ) >

P(k, k-1) (0)=0
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solution algorithm %

% p kD 1y 4 2Re < Y(t) | S u® KD (1) >
2 P
=-Zim< 200 1£1u 0 >[EQ 0 -EX )

+h3|m< A @)1 810D @) > [ECD 1) - EX o)
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summary of this section %

5] I(k, k-1)




Opt%tml
| &it)>=W| wits)>

delocalized wave packet — store on memory
delocalized target operator — “truncated projector”

reflected packet

energy

truncated projector ok

W=] | q>f(q)da<q | = osf
) Jo

0.0

coodinate
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Part |V %

Hybrid Quantum Optimal Control:
Application to Femtosecond
Desorption Dynamics

K. Nakagami, Y. Ohtsuki, and Y. Fujimura, Chem. Phys. Lett. 360, 91-98 (2002).
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L aser-induced surface processes of concern here

DIMET of NO/Pt(111)

Desorption Induced by
e+ / (1) Multiple Electronic
'\ Transitions

(1)
Anintensefs UV pulse
generates hot-electrons.

(2)

Multiple events of electron
scattering+relaxation heat up
Pt the adsorption bond.

(112) (3) (3)
Some NO desorb (<1%).

(2)
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NO/Pt(111) 1D model potential %

Antoniewicz model
Theionic state sees an attractive image potential.

Ref: Gadzuk, et al., Surf. Sci. (1990)
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Our ideato control the desorption %

Excitation by Hot Electrons

(incoherent process)
on the sametime scale

Vibrational Wave Packet
(coherent process)

The incoherent excitation can
CLOCK the packet motion
( Initial geometry and/or
initial kinetic energy
of the adsorbed complex).
The questionis
how to design the IR pulse
that creates the best packet.
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Hybrid quantum control

Coherent Excitation

(to be designed)
+ Hybrid Control

| ncoher ent Excitation
(given external fields)

enhance or suppress the desorption
by optimally designed IR pulses

r created by an optimal IR pulse

vibrational wave packet (coherent excitation)

hot electrons (incoherent excitation)




Can vibrational packet survive on ametal surface ?

K. Watanabe, N. Takagi, Y. Matsumoto,
Chem. Phys. Lett. 366, 606 (2002).

experimental observation of
coherent vibrational motion of
C9Pt(111)

dephasing time ~ 1.4 ps

Optir%n%ntrol
A
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Equations of motion for desorption dynamics %
equation of motion
ihi Pe(t) _ Le O || pelt) B I'ee _Feg Pe(t)
pe(t) =<e|p(t)| &> density matrix in the State| e>
Le & [He, | Liouvillian

L 1

Lindblad relaxation operator

Fee pelt) =72 pe(®) + pe() 2
t
Fag £g®="20 pg(0)+ 9y )27

I'ge Pe(t) = \/Zpe(t)\/g
ey Py (t) = \7g (t) Pqg (t)\ﬂ/g (t)

Saalfrank & Kodloff, J. Chem. Phys. (1996)



Optimal Gontrol
Parameters %

Control time

t € [-1000 fs, 300 fs]

Relaxation parameters

i:5fs
Ve

detailed balance for transient electronic temperature
Ve
Ve(2) -Vy (Z)}
kg Tg (1)

lifetime

rg(t)=rq(zt) =

1+ exp{—
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Parameters %

. Ve
7q®) =yq(zt) =
e { ve(z)—vg(z)}
1+exp| -
kg Ty (t)
1000 7000
o \. €electronic temperature 6000
= . _
= v Ty (t) 15000
£ Zeq — 0 \ _
(zt) = 14000
YalZ = 500 | g
¥ % 13000 =
P i
Zeg +0.1A | 711000
O T ll T T T T T T T O
~100 0 100 200 300 400

time (fs)



Results:

electric field (GV/m)

desorption probability

optimal pulse enhancing the desorption

30 -
,»] optimal control pulse @
10-
0
10
-20 i | | |
| : 1 | I :
0.10 - .
1 § Apower spectrum (b)
3
2|
0.05 - fé’ 1
: - _ frz(;ouency (1((:)?: ) -
{desorption
0.00 e e e T T
-900 -600 -300 0 300
time (fs)

Optir%n%ntrol
A

(@)

Optimal control pulse

(b)

Desorption probability
Population in

the excited-state

!

Increase the desorption
probability by
afactor of 8
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Results: time evolution of the wave packet %

- The forces acting on

the wave packet have
the same direction on
both potentials.

wave packet motjon
0.50—-

Wave packet has the

largest inward
- : momentum when
o - transferred to the
100 6 i o 200 300 excited state.

time (fs)
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Results: control mechanism %

e

S
5
g 2- .
S
5 |
V NO
Em g
2.0

—1 T T T v T v T
-0. 0.0 0.5 1.0 1.5
z-2z, ( )
shaped packet

NO - (static) surface distance

2.5
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Results. packet motion in the case of suppression %

wave packet motion Wave packet has the
outward momentum

when transferred to
the excited state.

...
0 100 200 300
: time (fs)

7 £ The momentum
- \M — acquired on the
' : excited potential is
- cancelled by the
-100 0 : 100 200 300 initially prepared
time (fs) momentum.

0.010

0.6 -

0.005

0.4

desorption probability

Zrz2 | )
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Summary %

A hybridized control scheme that combines

coherent excitation processes with incoherent processes
was proposed.

The desorption of NO from Pt(111) is enhanced or suppressed
by controlling vibrational wave packet motion.
(“ Suppression” means “avoiding surface damages’.)
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