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History/Methods of Coherent controlHistory/Methods of Coherent control
•• Control of chemical reactionsControl of chemical reactions
•• Weak field controlWeak field control
•• Control by initial state preparationControl by initial state preparation
•• PumpPump--dump controldump control
•• Coherent control using interference of several Coherent control using interference of several 

pathways (pathways (relative phase controlrelative phase control) ) 
•• Strong field controlStrong field control

a) Rabi oscillationa) Rabi oscillation
b) adiabatic passageb) adiabatic passage
c) STIRAPc) STIRAP

•• Local coherent controlLocal coherent control
•• Global Optimal controlGlobal Optimal control
•• ??



Klaas Bergmann Moshe Shapiro Ahmed Zewail Hersch Rabitz Ronnie Kosloff

David Tannor Joe Eberly Warren Warren Philip Bucksbaum Paul Brumer

Stuart RiceMarcos Dantus

Jeff KrauseKent R. Wilson

Robert Gordon

Gustav Gerber

André D. Bandrauk

Stephen E. Harris

Yaron Silberberg



Textbooks
Rice / Zhao 
Optical Control of Molecular Dynamics, 
Wiley 2000 

Brumer / Shapiro
Principles of the Quantum Control
of Molecular Processes
Wiley 2003



•Overview of coherent control
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•Time-dependent Schrödinger equation
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•Rabi oscillations

p /2-pulse
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•Husimi plots
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•Adiabatic passage; Chirped pulses
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Landau-Zener-Stueckelberg
formula
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•Adiabatic passage
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Adiabatic Basis, dressed states

•Time-dependent Schrödinger equation
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•Counterintuitive pulse sequence
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K. Bergmann and H. Theuer and B. W. Shore, Coherent population transfer among 
quantum states of atoms and molecules, Rev. Mod. Phys. 70, 1003(1998).



Brumer-Shapiro
“phase control”
CPL 126, 541(1986)

Tannor-Kosloff-Rice
“pump-dump control”
JCP 85, 5805(1986)

Bergmann et.al.
“STIRAP control”
CPL 149, 463(1988)
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•Control schemes
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•Local tracking control
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•STIRAP <> local tracking control
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Local control

Global control



•Optimal control method in wave function formalism

optimal control method

(1) Introducing a target operator      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      
that constrains the system to obey 

the equation of motion.
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( )E t : electric field (semiclassical approximation)
μ : electric dipole moment operator



objective functional has the form
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(2) penalty term

(3) constraint due to the Schrödinger equation

1) Initial guess 
2) Forward integration
3) Project
4) Backward integration
5) New field generation
6) Checking convergence 
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Laser, 
pulse shaper

Learning 
algorithm

Quantum system

(molecule, solid, ….

Detector
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R.S.Judson, H. Rabitz, PRL 68, 1500 (1992)

“Teaching lasers to 
control molecules”

•Adaptive learning algorithm

Experimental output is 
included in optimization loop 

Hersch Rabitz



Science 282, 919 (1998)
Chem. Phys. 267, 241 (2001)

Optimal pulse

•Quantum control of photodissociation

Gustav Gerber
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Some actual or proposed quantum 
computers

Liquid-state NMR (“quantum computing in a coffee cup”
- has factored 15)

Ion traps

Lattices of cold atoms

Bose-Einstein condensates

Atom/photon interactions in 
cavities (“cavity QED”)

Superconducting 
circuits



Deutsch-Jozsa algorithm
(constant or balanced) 

Peter Shor’s factorization algorithm

Grover's search algorithm



Many physical systems have been proposed as potential 
candidates to implement a quantum computer. 
Following DiVincenzo the chosen quantum system should 
satisfy five conditions: 
(1) favorable scalability with the number of 

well-characterized qubits; 
(2)ability to initialize the system in a particular qubit state; 
(3)decoherence times much longer than the quantum gate 

operation time; 
(4)control over a universal set of quantum gates; 
(5) the ability to measure specific qubits.

…..
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Peter Zoller

Ignacio Cirac

Quantum Computation with Cold Trapped Ions
PRL, 74, 4091(1995).
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•Two spin system

I and S both of spin-1/2 in a static magnetic field B0
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•Time-dependent Schrödinger equation
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STIRAP
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counterintuitive
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•Final states (
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•Harmonic potential: Collapse and revival of entanglement
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Important result, arbitrary j
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Decomposition of U into canonical form 
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Scheme of constructing a CNOT gate 
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How to make fast quantum gates?
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•Basic properties of chirped pulses
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•Things to remember about chirped pulses

We consider that chirp is applied to the 
pulse using conventional linear optics, 
e.g. via a grating or prism pair. The pulse 
energy is conserved, the bandwidth is fixed.
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•Wigner plots of the chirped pulses 
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•Resonant system, 0δ =
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•Off-resonant system, 0 0.75δτ =

Excited state population coherence
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•Single qubit gates
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: 0 off-resonant case;II δ ≠ ↔
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•Conclusions

•Adiabatic method to prepare entangled states
based on control of relative phase
•Relative phase is the important parameter which 

controls a phase of entangled states
•We demonstrated a pulse-area control 

method to construct CNOT gate
•We demonstrated a simple pulse-area control 
method to construct fast single qubit gates using
chirped pulses

•Looking for experimental realizations
…..




