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Ultrashort Laser Pulses

A broad superposition of optical frequencies with 
well defined amplitudes A(�) and phases �(�)well defined amplitudes A(�) and phases �(�) .
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It is this exquisite control over amplitude and optical phase that weIt is this exquisite control over amplitude and optical phase that we 
transfer to material systems, in order to control their response. 



Successful Approaches to Quantum Control
Multi-photon Absorption

Coherent Phase Control
• Interference between paths (slits)

• Given phases at the top of the hill. Interfere 
destructively in valley A yield only in valley Bdestructively in valley A, yield only in valley B

• Perturbative: the hill is unaltered at all times. 

Strong Field Pulse Shaping 
Optimal Control

• Strong fields: many complex interactions.

• Multiple hills: the hill is irreversibly modified

•• Feedback/learning optimization



Optical Pulse Shaping

G. Gerber et al  Nature 414 57 (2001)



Quantum Control with Light Fields
� Frequency
� Phase
|E| Amplitude
� Polarization� Polarization

Linear Optics: One Photon transitions

� Control via Spectroscopy. Tune or modify the spectrum of your laser. 
Different eigenstates 	 different dynamics.
Different total energy 	 different dynamics.

� Phase doesn’t matter in linear optics.

 No ‘coherent phase control’ in linear optics.

|E| Amplitude is trivial in linear optics, in the sense that it only changes the 
amount of a product, not a branching ratio.
e.g. blocking or unblocking your laser.

� Polarization control via angular momentum selection rules.
e.g. �m=0 for linear, �m= � 1 for circular 



A Non-Linear Optics Perspective

Two light fields E1, E2, interacting in a medium.

In linear optics, frequencies �
 in E1 can only 
interfere with the same frequencies �
 in E2. 
Amplitude modulation only. 
Different freq encies cannot interact ithDifferent frequencies �
 , �� cannot interact with 
each other. 
Therefore the phase relationships between �

and � are unimportant in linear opticsand �� are unimportant in linear optics. 

Therefore, you cannot measure time 
or phase in linear optics.
There is no phase control of one-
photon transitions.



Brumer-Shapiro Coherent Phase Control

The interference between two degenerate pathways.

Requirements:Requirements:
1) energy degeneracy between two paths.

2)   control over phase difference between two paths



Total Cross Section Control

1 vs. 3 scheme
Target

e.g. HI dissociation/ionization. 
R. Gordon.

Initial

2 vs. 2’ scheme
Most s ccessf l

Initial

Target Most successful. 
Same as all femtosecond 
pump-probe experiments

Initial
All fs pump-probe experiments 

are coherent control experiments



Interference between 
Coherent Two-Photon TransitionsCoherent Two Photon Transitions

How does delaying an optical pulse
vary the phases betweenvary the phases between 

degenerate two-photon transitions?

�2�2' �����'����'���

Energy Degeneracy

�1 �1' ������'������'������const
Relative Phase Locking

1 1



Interference between 
Coherent Two-Photon Transitions

Varying the Time Delay �t

Coherent Two Photon Transitions

�1 �1' �2' �2

Varying the Time Delay �t

1 1 2 2

�t

ei�(t+�t ) = ei�(t+�� /�) = ei�t+��ei�(t+�t0) = ei�(t+��0 /�) = ei�t+��0

The phases of both � and � ' vary but not at the same rateThe phases of both �2 and �2  vary, but not at the same rate.
However, only their relative phase matters.



Partial Cross Section Control

1 vs 2 scheme1 vs. 2 scheme
Target e.g. Control of currents in 

semiconductors.

Initial

semiconductors.



Tannor-Rice Wavepacket Control
“Pump Dump” SchemePump-Dump Scheme

V

Initial Target

R

It’ th f b i t t th tIt’s the same as a fs pump-probe experiment except that
the ‘final’ state is now called the ‘target’.



Pulse Shaping in the Linear Regime
Time Domain PictureTime Domain Picture

EXAMPLE:
• Split a fs pulse in two and recombine it with a time delay, maintaining 

interferometric (phase) stability. 
• Each pulse makes a wavepacket.p p
• Vary the time delay to ‘control’ a process via wavepacket interference.

�t

• The two wavepackets are phase-locked
and therefore will interfere with eachother, 
constructively or destructively.

�t

y y

• The probability of being in the excited 
state after both pulses are over will vary 
with �t at the optical frequency (few fs)with �t, at the optical frequency (few fs).



Frequency Domain Picture
Pulse Shaping in the Linear Regime

Frequency Domain Picture
Probability of being in the excited state is measured after both pulses are over

and only a single photon transition is involved, the only thing that matters is how 
the spectrum of the time separated pulse pair overlaps with the eigenstatesthe spectrum of the time-separated pulse pair overlaps with the eigenstates.

Time Spectrum
FT
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Pulse Shaping Control 
i th N li P t b ti R iin the Non-linear Perturbative Regime

Frequency Domain PictureFrequency Domain Picture

• Phase control leads to spectral modulation of the• Phase control leads to spectral modulation of the

non-linear power spectrum:
2
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• When the n-photon power spectrum overlaps 
with the eigenstates at the n-photon level, g p ,
transitions are observed.



Non-Perturbative Laser Fields
Many orders of interaction become equally probable.

+ + + ….+ + +

+ + ….

The usual perturbation theory of spectroscopy fails because 
the AC (or Dynamic) Stark shift becomes comparable to the 

level spacings and the transition probabilities cannot belevel spacings and the transition probabilities cannot be 
described in terms of the field-free eigenstates.



Perturbative vs. Non-perturbative Interactions

Optical field

�

2

1 )()(1 �
�

��

� tietEdtS ��
For 1 photon 
transitions.
���� doesn’t 

matter)]([)()( ����� ��� tieAdtE
2

)()( �
�

� tin etEdtS n
��

matter

For n-photon 
transitions.)()( �

��
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Perturbative
Spectral overlap of the linear S1(�) and/or non-linear Sn(�) power p p 1( ) n( ) p
spectra of E(t) with the set of field-free eigenstates

Non-perturbative
If this fails, interactions such as the Dynamic Stark Effect lead to a 
shifting of levels in the field and the above picture breaks down.



Intermediate Field Strengths
N t t b ti & i i iNon-resonant, non-perturbative & non-ionizing

� Dynamic Stark effect modifies field-free Hamiltonian.
� Hamiltonian (propagator) modified during propagation. 
� Reversibly returns to the field-free Hamiltonian.

Simple Analogy: Control of Skiers
• Control which valley, A or B, that a set of skiers will go down.
• Let the skiers go down the hill. As they are skiing, reversibly 
modify the hill so that skiers are directed into valley A.
• The ‘hill’ remains unchanged at the end of the overall process.



The DC Stark Effect

En
(0) En

Static Field
|E|=0 |E|
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Dipole Polarizability 
Coupling

The ‘new’ states are a linear superposition of the ‘old’ states.
The field-free states are mixed in the field.

(Raman) 
Coupling

The field free states are mixed in the field.

What about strong AC electric fields?



Material Hamiltonian for Light-Matter Interactions

• Matter Hamiltonian with Band Structure
• Intraband level spacings << Interband level spacings
• a set of Essential states |E> to be controlled
• all other Non-essential states |N>

|N>Non essential |N> pNon-essential

j
|E> kEssential



Non-resonant, Non-perturbative
Light-Matter Interactionsg

|N> p

|E>
hv j

kk
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The Matter-Field interaction: Laser field:
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Non-perturbative Light-Matter Interactions

|N>
p

� ti

Expand in the field-free basis |l >

|E>
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& plug into Schrödinger Eq.& plug into Schrödinger Eq.
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Coupled equations of motion for the state coefficients

Sum is over all states� m
mlmt

This is “the answer”This is the answer .
Everything else is an approximation.



Non-perturbative Light-Matter Interactions
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Coupled equations of motion
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Essential states. Non-essential states.
Exact quantum dynamics Approximate quantum dynamics



Approximate Dynamics of the Non-essential States
|N>

hv
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Non-essential states

• Assume zero initial population in the |N> states
• Assume no intraband transitions amongst the |N> states

Keep termsKeep terms 
of the form:

Neglect terms of

+ +|E>

Neglect terms of 
the form (& 
higher): + +

|E>



Justification: Dynamics of the Non-essential States

(A)

|E> |E>
vs.

(A) (B)
|E> |E>
cascaded polarizability

interactions
hyperpolarizability

interactions

Justification in terms of energy denominators:
• Diagram (A) has a pole at second order Diagram (B) does notDiagram (A) has a pole at second order. Diagram (B) does not.
• Due to the pole, Diagram (A) is much stronger than (B).

Justification in terms of matrix elements:
• The |N> states which contribute significantly to the sum will be those  

with ‘giant’ transition dipoles (e.g. charge transfer transitions)
• For these, the interband matrix elements >> intraband matrix elements

Justification in terms of intensity:
• We are in the intermediate field strength regime.



Approximate Dynamics of the Non-essential States
Sussman et al.  Phys.Rev.A73, 053403 (2006)
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Integrating by parts repeatedly:
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If: the envelope �(t) evolves slowly (SVEA)

EVOLVES SLOWLY!

If:  the envelope �(t) evolves slowly (SVEA)
And: the |N> state coefficients cj(t) evolve slowly
Then: we can keep only the s=0 term.

BW Shore: Fourier analysis of �(t) & cj(t)
N Moiseyev: non-crossing of Floquet states via (t, t’)alternatively



Developing the Effective Hamiltonian
Sussman et al.  Phys.Rev.A73, 053403 (2006)   - also BW Shore’s book

Keeping only the s=0 term, we can insert it back into the 
equations of motion for the |E> states 
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Exact quantum dynamics Approximate effect of |N> stateExact quantum dynamics 
amongst the |E> states

Approximate effect of |N state 
dynamics on the |E> states



Strong Field Dynamic Stark Effect

Two Limiting Cases: � � � � � � � � � � � �) *2di �� �Two Limiting Cases: � � � � � � � � � � � �) *��cos 2
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DIPOLE RAMAN
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hv En
(0)

Em
(0)
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Di l C li E (0) d E (0) di tl l dDipole Coupling:   En
(0) and   Em

(0) directly coupled. 
The superposition in the field follows each field cycle

Raman Coupling:   En
(0) and   Em

(0) coupled via {Np}
The superposition in the field follows the pulse envelope



Switched Wavepackets

Adiabatic turn-on and Sudden turn-off of a 
non perturbative matter field interactionnon-perturbative matter-field interaction



Intermediate Field Dynamic Stark Effect
Dipole Coupling Case

Coupled Quantum Wells
� The quantum dynamics in the tunnelling degree of freedom 
follows each field cycle Dipole coupling dominantfollows each field cycle.  Dipole coupling dominant.

Tunnelling level spacing

En
(0)

hv Tunnelling level-spacing.
Electronic degree of freedom
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~ 0
Dipole term is dominant � 2(t) Raman response 

much smaller than dipole 
response.

Dipole term is dominant.
cos(�t) cycles, as does the 

instantaneous superposition.



Switched Wavepackets 
in Coupled Quantum Wellsp

n-2 n-1 n n+1

Tight binding (nearest neighbour) model Hamiltonian:

11 1,1,0 ����� ��� nnTnnTnnH nnnnn� ,,�
n

Interaction Hamiltonian:

� �( ) 0 5 1 1H E t d n N w ells n n+ ,� - .�
n Wannier states – superpositions of Bloch States localized on each well. 

� �( ) 0 .5 1 1I
n

H E t d n N w ells n n+ ,� � � �- .�



Strong Linear Dynamic Stark Mixing

In the dipole-coupled case, the 
superposition of field-free states 
depends instantaneously on the

E(t)

depends instantaneously on the
electric field �(t)cos(�t)
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Cascaded dipole-type coupling
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B d idth f

etc.
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Bandwidth of 
coupled levels 
depends on E(t)



“Switched wavepackets” in Quantum wells
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Four Coupled Quantum Wells
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Intermediate Field Dynamic Stark Effect
Raman Coupling Case

“Changing the hill as the skiers are skiing”

• The Raman-coupled non-resonant Dynamic Stark effectp y
follows the envelope .
• Its strength and timing can be controlled.
• Modify potential surfaces during the dynamics• Modify potential surfaces during the dynamics. 

This could potentially lead to a general (non resonant) form ofThis could potentially lead to a general (non-resonant) form of 
control over molecular dynamics, requiring only that the molecule 
be polarizable.



N t R l d D i St k Eff t

Quantum Control of Molecular Axis Alignment

A linear molecule in a laser field experiences a potential :

Non-resonant Raman-coupled Dynamic Stark Effect

A linear molecule in a laser field experiences a potential :
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Where (|| and (_|_ are the parallel and perpendicular polarizabilities
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Example of Dynamic Stark Control
Switched Wavepacket
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Creating a Raman-coupled Switched Wavepacket

� � � ��� nni gtct1

Strong field superposition, depending parametrically on the field envelope I(t)

I(t) turned on adiabatically:
2

n

� � 1
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� ji ji

ji

EE

dtdHh 11

I(t) truncated semi-suddenly:

h-1 |�E |2 << dH/dt << h-1 22

The adiabatically formed strong field superposition is suddenly 
projected onto the field free basis, thus creating the 

switched wavepacket.



Experimental Demonstration 
of Switched Wavepacketsof Switched Wavepackets

• We wish to use a strong non-resonant laser field to 
adiabatically align a linear molecule, thus creating a 
pendular state.

• We then want to suddenly truncate this strong 
alignment field, thus creating a ‘switched’ rotational 
wavepacketwavepacket.

• We want to probe the subsequent rotational 
wavepacket dynamics with a suitable pump-probe 
technique.

Physical Review Letters 90, 223001 (2003)



Ultrafast Truncation of a Long Pulse: Plasma Shutter

150 ps 
1064 nm 
1.0 mJ 100 �m

Liquid jet

80fs80fs
800 nm
800 �J

�T it h �T b�Tswitch �Tprobe

�Tprobe

Physical Review Letters 90, 223001 (2003)



Switched 1064nm Pulse
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Physical Review Letters 90, 223001 (2003)



Optical Kerr Effect Alignment Probe
Gl T l Glan Taylor

300 torr CO2

Glan Taylor
polarizers

Glan Taylor
polarizer

Spectrometer

3/4
3/2

PMT

800 nm 
80 fs 6�J

SpectrometerPMT

Switched 1064 nm pulse

Polarization Geometry
Output 800 nm signal

Switched 1064 nm pulse
~1011 W/cm2

Switched 1064 nm

Input 800 nm probe 

Output 800 nm signal

Extinction ratio > 10-6



Switched Rotational Wavepacket in CO2
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Physical Review Letters 90, 223001 (2003)



Switched Rotational Wavepacket in CO2
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Physical Review Letters 90, 223001 (2003)



Rotational Wavepackets & Coherences

Cascaded Raman processes couple J to J, J±2

|J 1

|J+2>

E B(J+1)(J+2)

EJ+2= B(J+2)(J+3)

|J>
|J 1>

|J+1>

EJ= BJ(J+1)
EJ 1= B(J-1)J

EJ+1= B(J+1)(J+2)

(EJ+2 - EJ) = 4BJ +6B

|J-1>
|J-2>

EJ-1  B(J 1)J
EJ-2= B(J-2)(J-1)

Separation of nearest-
(EJ - EJ-2) = 4BJ +2B

4B
-
=

neighbour coherences

N.B.  CO2 molecule nuclear spin statistics: odd-J energy levels are missing. 
Spacing = 8B



Power Spectrum of Switched Wavepacket
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Power Spectrum of Switched Wavepacket
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Physical Review Letters 90, 223001 (2003)



Switched Wavepackets in Non-linear Polyatomic 
Molecules
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3D Field-Free Alignment of General Molecules



Field-free 3D Alignment of a General Molecule
(Asymmetric Top)(Asymmetric Top)

Challenging!

– 3 distinct axes of rotation � 3 different rotational timescales
– Irregular level spacing, so complex revival behaviourg p g, p
– Three different polarizability components
– Different possible orientations of polarizability ellipsoid wrt

the MF inertia ellipsoidthe MF inertia ellipsoid

Must break cylindrical symmetry of the LF interaction.

• Strong elliptically polarized fields using ns pulses (Stapelfeldt)
Adiabatic 3D alignment but in presence of strong field



Theoretical model
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J. G. Underwood, B. J. Sussman, A. Stolow, Phys.Rev.Lett. 94, 143002 (2005)



Polarizability tensor
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J. G. Underwood, B. J. Sussman, A. Stolow, Phys.Rev.Lett. 94, 143002 (2005)



Wavepacket composition

� � � �JMtAt� � JMKJM Jn�

Wavefunction is a superposition of asymmetric top eigenfunctions, 
each being described in the symmetric top basis

� � � �JMntAt�
JMn

JMn�� JMKaJMn
K

Jn
K��

I t ti ith th l fi ld i d d d R t itiInteraction with the laser field induces cascaded Raman transitions
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properties of the laser fields

J. G. Underwood, B. J. Sussman, A. Stolow, Phys.Rev.Lett. 94, 143002 (2005)



Prototype asymmetric top: ethylene

z A
• Near prolate top

– A = 4.828 cm-1

– B = 1.001 cm-1

– C = 0.828 cm-1
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How to quantify 3D alignment ?
Extend the idea of <cos2�> measurement
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Direction cosines 
�Xx = X.x = cos�Xx , �Yy = Y.y = cos�Yy , �Zz = Z.z = cos�Zz

For FF3DA all three �2 �2 �2 > 0 5For FF3DA, all three �2
Xx , �2

Yy , �2
Zz > 0.5

simultaneously



Proposals for FF3DA

1. Elliptically polarized ‘switched’ laser pulse (NRC).p y p p ( )
Following H. Stapelfeldt, but now ‘switching’ off the 
field.

2. Elliptically polarized kick pulse (T. Seideman)

3. Two orthogonally polarized time-delayed 
linearly polarized kick pulses (NRC)linearly polarized kick pulses (NRC)



Elliptically polarized ‘Switched’ pulse
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Elliptically polarized ‘kick’ pulse
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Time delayed orthogonally polarized laser pulses

BESTBEST
FF 3D 

alignment

Pulse 1: Z polarized
(1012 W/cm2, 600 fs)

Pulse 2: X polarized
(1012 W/cm2, 250 fs)



Field-Free 3D Alignment of Asymmetric Tops 

X

Pump 1Two time separated 
perpendicularly polarized 
kicks better than elliptical

Y
Pump 2

kicks better than elliptical 
kick or elliptical switch

An elliptically polarized field is always a compromise.
(in the circularly polarized limit, there is only alignment to a plane)



Demonstration: FF3DA in an asymmetric top: SO2
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2 pulse scheme
– 1st pulse aligns the x-axis (O-O axis, slow)p g ( )
– 2nd pulse aligns the z-axis (S axis, fast)
– Measure kO-O and kS via Coulomb Exposion Imaging



FF3DA in an asymmetric top: SO2

Random 1D 3D

O-O axis OSO bisector



Coulomb Explosion Imaging of 3D alignment

Multiparticle
D l li dDelay line anode

Adjustable slit
S O

O

Extraction
plates

Perpendicularly polarized 
alignment pulses 

< 1013 W/ 2 800

~1 % SO2 in Ar
~ 10 K rotational temperature < 1013 W/cm2, 800 nmp

Explosion pulse
> 6x1015 W/cm2, 45 fs, 800 

nm



Measurement of Alignment

Ali t l• Alignment pulses
– Propagate along Z
– 1st pulse polarised along X
– 2nd pulse polarised along Y

• Coulomb Explosion ImagingCoulomb Explosion Imaging
(circ. polarized) pulses

– Co-propagate along Z

Measure 2 angles:

7 li f O i i h fi l l7O measures alignment of O-axis with first laser pulse

7S measures alignment of S-axis to Y-axis



Coincidence Coulomb Explosion Imaging 
(CEI) 8+ channel: O3+ S3+ O2+(CEI) 8 channel: O S O

Coincidence selection of a single CEI 
channel � molecular geometry

Herzberg:

0(O-S-O) = 119.5o

OO
S

OO



Fixed in Space: Demonstration of FF3DA in SO2

Classical
Model

Maximal FF3DA
K.F. Lee, D.M. Villeneuve, P.B. Corkum, A. Stolow & J.G. Underwood

Physical Review Letters 97, 173001 (2006)



Effect of Pulse Separation on FF3DA in SO2

Severe
spoiling of O-
axis alignment

S-axis
alignment too 

lateaxis alignment late



Robust FF3DA at Room Temperature

Expansion of neat SO2
� very little rotational cooling� very little rotational cooling
� ~300 K



Field-Free 3D Alignment of Asymmetric Tops 

Pump 1

• Two time separated 
perpendicularly polarized 

X

Pump 1p p y p
kicks.
• First aligns most polarizable
axis second aligns next

Y
Pump 2

axis, second aligns next.
= field-free 3D alignment



Can we Control a Specific Chemical Reaction?
• A given chemical reaction occurs on a specific potential energy surface |E>• A given chemical reaction occurs on a specific potential energy surface
• Can we control this reaction without introducing other competing reactions 

(i.e. other potential energy surfaces)

|E>

Multiphoton processes

REACTANT

|E>

PRODUCT



Non-resonant Dynamic Stark Control: IBr

Apply an infrared laser Stark field, VStark , to shift the diabats, modify the 
diabatic curves and their non-adiabatic coupling, at a particular time. 
The system returns to the field-free state after the infrared pulse is over.

No photons

VAC Stark

No photons
are

absorbed.
VAC Stark

The control 
pulse acts 

as a 
photonic
catalyst.

B.J. Sussman, M.Yu. Ivanov & A. Stolow
Physical Review A 71, 051401R (2005)



Non-resonant Dynamic Stark Control
Velocity Map Imaging of the I + Br / Br* Branching Ratio



Non-resonant Dynamic Stark Control
Velocity Map Imaging of the I + Br / Br* Branching Ratio

I + Br

I + Br*



Intermediate Field Dynamic Stark Effect
Vibrational & Photodissociation DynamicsVibrational & Photodissociation Dynamics

Intermediate fieldIntermediate field
control over a neutral

branching ratio.
I + Br*

No net absorption of 
photons!

I + Br
I + Br

A  photonic catalyst

• 90% change in 
branching ratio.
• For 100% molecules• For 100% molecules
in the focus
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Lecture 4


