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Time-Resolved Photoelectron Spectroscopy
Advances in Chemical Physics 139, 497 (2008)
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|I+> � Final state is well known:
the molecular ion.
� A “ i l” d t ti h

��
PROBE

|S

� A “universal” detection scheme:
any atom, molecule or radical may be 
ionized. No ‘dark’ states.
� Charged particle detection:

PUMP

|Sn>
g p

electron signal may be dispersed (kinetic 
energy, angular distribution).
� Sensitive to electronic symmetry of |Sn>

|S0>



THE MOLECULAR IONIZATION CONTINUUM AS A TEMPLATE
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ION ELECTRONIC STRUCTURE
ION VIBRATIONAL STRUCTURE
ION ROTATIONAL STRUCTURE

ELECTRON PARTIAL WAVE COMPOSITION
ELECTRON SPIN POLARIZATION



Continuum Electronic Structure
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��Molecular Frame 

(MF)
free electron wavefunction partial wave expansionfree electron wavefunction

MF symmetry:

partial wave expansion
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��MF symmetry:

symmetry-adapted spherical 
harmonics 	�� MFkX

hl
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N Chandra, J. Phys. B 20, 3405 (1987)

Symmetries of the outgoing partial waves determined by:
• the electronic symmetry of the electronic state being ionized
• the MF direction of the ionization transition dipole moment
• the electronic symmetry of the cation.



Lab Frame Photoelectron Angular Distributions

Lab Frame (LF) PADs � �
�
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LM
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LF expansion coefficients �LM depend on:
• laser polarization geometries

LF

• laser polarization geometries
• dynamical parameters which reflect electronic configurations and dynamics
• axis distribution moments which reflect LF molecular alignment, orientation and
geometricall determine the relati e contrib tions of the d namical parameters

F t i l f b (i t h t ) i t i l

geometrically determine the relative contributions of the dynamical parameters

For a typical fs pump+probe (i.e. two photons) on an isotropic sample:
conservation of angular momentum limits the LF PAD anisotropy to L=4

LF PADs evolve due to both intramolecular dynamics and
evolution in the axis distribution moments



How can we get the most information?

Femtosecond Dynamics in the Molecular Frame

• Ultrafast measurements made in the Lab Frame (LF)
• Scattering events occur in the Molecular Frame (MF)• Scattering events occur in the Molecular Frame (MF)

and are vectorial in nature
• Averaging over all molecular orientations reduces the• Averaging over all molecular orientations reduces the

information obtained

• Can we make ultrafast measurements in the MF?



Photoelectron Angular Distributions
From the Molecule’s Point of View
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�Molecular Frame (MF) PAD

LM��( )

MF expansion coefficients �LM depend on:MF

• laser polarization geometries (projections onto the MF transition dipoles)

• dynamical parameters (radial elements of the ionization transition dipole)

MF PAD i t b l li it d t L 2l h l i

dynamical parameters (radial elements of the ionization transition dipole)
which reflect electronic configurations and their intramolecular dynamics

MF PAD anisotropy can be large, limited to L = 2lmax where lmax is
the largest l in the partial wave expansion. 

(reflects “shape” of the electronic wavefunction being ionized) 

MF PADs evolve due to intramolecular (e.g. non-adiabatic) dynamics.



MF Symmetry Allowed Ionization Transitions

B ByE B B

z

x
y
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E
� � A Az�����

� �� ��i �� l ��T tS for allowed transition�ex��� ��ion��el ��TotSym for allowed transition

Excited state transition dipole Ion ground state Electron partial waveExcited state transition dipole Ion ground state Electron partial wave 



Time-Resolved Molecular Frame 
Photoelectron Angular DistributionsPhotoelectron Angular Distributions 

Imaging the Dynamics of the Valence Electrons

1

Two methods

1. If the photofragments are emitted axially (along the 
bond direction), we can use coincident vector 
correlations to determine Molecular Frame PADscorrelations to determine Molecular Frame PADs

2. If the ground state can be pre-aligned using non-
t l fi ld d bresonant laser fields, we can do a pump-probe 

experiment on the aligned molecule.
Provided:
(i) the molecule is field-free during the measurement
(ii) the dynamics is faster than rotational dephasing



Time-Resolved Coincident 
Momentum Vector ImagingMomentum Vector Imaging

Time-Position Ion Detector
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PUMP
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Time-Position Electron DetectorTime Position Electron Detector



DELAY LINE ANODE MCP DETECTOR
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NRC CERAMIC DELAY LINE ANODE DETECTOR

RESOLUTION
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Photodissociation Dynamics of (NO)2

C2v
Ground state is 1AGround state is 1A1

Cation ground state is 2A1

2.26 Å
z

N N
Ebin ~ 700 cm-1

y

O O

1.15 Å97°x

O O



(NO)2 UV Absorption Spectrum

(NO)2 A~+

Epot / eV

~+10.1

8.7 (NO)2 X~+

(NO)2 A
NO (X) + NO(X) ~+ ~

6.0 (NO)2
* • broad, featureless

• suggests dissociative 
excited state
• transition parallel to N N• transition parallel to N-N 
bond implies 1B2 excited 
state

0 (NO)2 X~

RN NRN-N

J. Billingsley & A.B. Callear, Trans. Faraday Soc. 67, 589 (1971)



TRPES of (NO)2 Photodissociation Dynamics
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Time-resolved Photoelectron Spectra
at � =210 nm � =280 nmat �pump=210 nm, �probe=280 nm

NO(A) product( )

(NO)2
*



Experiment Nonlinear Global 2D Fit

2D fit at all electron K.E. and all time delays simultaneously



Results from 2D Global Fitting

These data cannot be fit by Single Exponential Kinetics

��

��

They are fit, with high accuracy, to a two step sequential model.
Only two time constants are required to fit at all time delays and energies



Results from 2D Global Fitting
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Note the delayed rise of the free NO(A) product



Sequential Two-Step Dissociation Model

(NO)2 � (NO)2
* �  (NO)2

*† �  NO(A) + NO(X)
hv �1 �2

At 210 nm: �� = 140 ± 30 fs   �� = 590 ± 20 fs

IntermediateIntermediate
Configuration

Maximizes
at

330 f330 fs



Deconvoluted Time-resolved Photoelectron Spectra

Separation of rising from decaying components

(NO)2
* Decay Channel NO(A) Rise Channel



Photoelectron Spectrum of (NO)2
* : Assignment

NO+

(NO)2
+

Dissociative 
Ionization

(NO)2

confirmed byconfirmed by
Coincidence
spectroscopy

N=O symmetric stretch: v1 = 0,1,2



Rise of the NO(A) product channel

‘Tuning’ of NO(A) photoelectron energy at early timesTuning  of NO(A) photoelectron energy at early times
as the bond is in the process of breaking



Which States Correlate to NO(A, 3s) + NO(X) Products?

Ph t f t I di ti i h bilitPhotofragment Indistinguishability

DIMER STATESDIMER STATES

In-phase Combination O O

A1

N
O

N

O

NO(X) NO(3s) NO(X)NO(3s)+
A1

Ry 3s

O OB2
Ry 3py

Out-of-phase Combination

NO(X) NO(3s) NO(X)NO(3s)- N

N

+



Time-Resolved Vector Correlations 
in the Molecular Frame (MF)
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electronk
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• via 3D momentum vectors measured in coincidence, the 
PAD may be transformed into the recoil frame (RF). 



LAB FRAME Time-Resolved PADS 

50 fs 130 fs 330 fs

590 fs 930 fs

yE
�



50 fs 130 fs 330 fs

MOLECULAR FRAME Time-Resolved PADS 

590 fs 930 fs

yE
�



PAD peak perpendicular to Laser Polarization?

At i I i ti ith li l l’ d li ht l 1 0e.g.: Atomic Ionization with linearly pol’zd light. �l = ,1 , �m = 0

Photoionization of a s-orbital: p-wave emission parallel to laser polzn axis

Cannot be perpendicularp p

Photoionization of a p-orbital: both s- and d-wave emission 

s-d wave interference can lead to perpendicular intensity

J. Cooper & R.N. Zare

O- p-wave photodetachment E

p
J.Chem.Phys. 48, 942 (1968)



How does the RF PAD perpendicular intensity evolve?

This model-free result rules out the Ry 3s state as
the intermediate configuration as a 3s state would 

emit electrons parallel to the laser polarization 



Excited states of (NO)2   : ab initio Theory 

Two mixed character B2 states

• A tight B2 valence (charge transfer) state,  high oscillator strengthg 2 ( g ) , g g

• A diffuse B2 3py Rydberg state, axis along the N--N bond, almost 
degenerate with the B2 valence state. (Expect fast vibronic coupling).

• A ‘dark’ A1 3s Rydberg state was found at lower energy. 
It is non-overlapping in the Franck-Condon region.



Some Geometrical Considerations

PUMP: Excitation of (NO)2 via a B2 transition dipole (�) creates an 
anisotropic distribution of N N axes peaked along �anisotropic distribution of N-N axes peaked along �. 

PROBE: NO+ dissociative ionization channel also peaked along �

PUMP and PROBE polarizations are parallel - along the TOF (�) axis.

Out of all coincident events, we chose only those events where the NO+

fragment was directed along the �-axis.

W t i t t it d t t i i ti d i hi h th �� We restrict to excited state ionization dynamics which use the �-
component of the ionization transition dipole only.



C2v Symmetry Adapted Spherical Harmonics 

Partial waves in terms of basis functions
which are linear combinations of spherical harmonics
that transform as irreducible representations of C2v

l -�-
that transform as irreducible representations of C2v
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l $�orbital angular momentum quantum number��)�����.��/
-�-��$�its projection onto the MF z-axis���������������- -
���$�the C2v irreducible representation��0���1� etc.

e.g. the 0� symmetry partial waves have -�- '����
)� ���� ��.� ��.� ��/� ��/� ��2� ��2� ��2�



Symmetry Allowed Ionization Transitions for C2v

N N
x

y
� is B

Ey
����

O Oz

x �y is B2Ey

�����

Pump laser Ey excitation
parallel (y) transition implies 1B2 bright state

Probe laser Ey ionization of  1B2 bright states
Ion state as a direct product of a cation state with a free electron state

�ex��� ��ion��el �A1
for allowed transition

Excited state: B2 �y transition dipole: B2 Ion ground state: A1 � Electron partial wave = A1



A1 Symmetry Ionization Transitions

N N
x

yEy
Pump

O Oz

x
Ey

Probe

(using �l = ,1 , in the absence of re-scattering):

From the 1B2 valence state:
All even |�| partial waves| | p

From the 1B2 3py Rydberg state:
s d d ti l ls���, d���, d� partial waves only



Physical Insight from a Model

In order to avoid our conclusions depending on any 
particular amplitude (=9) or phase (=8), we have contractedp p ( ) p ( ),
the partial waves into two groups:

those expected from �p photoionization: �s + d + d 	- those expected from �py photoionization: �s� + d� + d�	

- those not : the rest.

We will take the ratio of �s� + d� + d�)   to the sum of all other 
contributions �pfg as a zeroth order measure of the �py
contribution within each RF PAD.

We will investigate how this measure varies with time delay.



Molecular Frame Photoelectron Imaging

The partial wave 
contribution from the 3pcontribution from the 3py
intermediate configuration
evolves into
the partial wave 
contribution from 3s
product.p
In agreement with ab initio theory



Imaging the Dynamics of the Valence Electrons 
on the Molecular Frame during Chemical Reaction

�� ��

50 fs 130 fs 330 fs 590 fs 930 fs

3py dimer 
intermediate

Emergence of
3s product



Femtosecond Dynamics 
in the Molecular Framein the Molecular Frame

Second method

1. If the photofragments are emitted axially (along the 

Second method

bond direction), we can use coincident vector 
correlations to determine Molecular Frame PADs

2. If the ground state can be pre-aligned using non-
resonant laser fields, we can do a pump-probe 
experiment on the aligned moleculeexperiment on the aligned molecule.
Provided:
(i) the molecule is field-free during the measurement
(ii) h d i i f h i l d h i(ii) the dynamics is faster than rotational dephasing



TRPES of CS2 Photodissociation

CS (X) + S +
��

I.P.
CS2 X+

�����
6.0

(e
V

)

CS2 (1B2)
*

?

�����

CS(X) + S(1D) 

E
po

t CS(X) + S(3P) 

����

CS2 X
*0

�
• Linear ground state
• Strongly bent excited states. 
• Axial recoil will fail

RCS-S



Photodissociation Dynamics of CS2
CS S

• Linear ground state, strongly bent excited state

CS S

• Quasi-bound Scattering Resonances of varying widths

• Characterized by combined stretch & bend coordinates

201 nm, Splitting � 33 cm-1

3��3"�."



TRPES of CS2 Photodissociation

• The lines in the absorption 
spectrum are quasi-boundspectrum are quasi bound
scattering resonances.

• Described by combined y
symmetric stretch -bend quanta

• Antisymmetric stretch is 
unbound

• Renner effect in a nearby 
excited state leads to mixing of 
electronic character upon 
bending (q)be d g (q)



Quantum Beat Spectroscopy of Scattering Resonances

IBr+

IBr � I + Br Ion detection

IBr

hv

MJJ Vrakking, DM Villeneuve, A Stolow. J.Chem.Phys. 105, 5647 (1996)
M Shapiro, MJJ Vrakking, A Stolow. J.Chem.Phys. 110, 2465 (1999)



Quantum Beats of Scattering Resonances
in CS2in CS2

��
• Coherent superposition of two scattering 

|0,0,0>
resonances, both composed of SymStretch -
Bend functions

• Projection onto the (0 0 0) cation gro nd

bendSymStr �� �

��� �� bendSymStr �� • Projection onto the (0,0,0) cation ground
states oscillates between SUM and
DIFFERENCE of these

• Bending adiabatically mixes  g electronic
character into the initial �u state



TRPES at 201 nm

2D Global fit

All over in 2.5 ps !

(0,0,0)

		��)�4���	� �
�

�
�

�
�� !�"�""�"� �� TtAeAeAtS tt ���

60f 740f T 1010f ( 33 1)�1=60fs,                �2=740fs,             T=1010fs(~33cm-1)
Quantum beat periodNarrow resonance decay

Symmetric stretch / bend
Broad resonance decay
AntiSymmetric stretch



Molecular Axis Alignment

A linear molecule in a laser field experiences a potential :
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Where �|| and �_|_ are the parallel and perpendicular polarizabilities

V(�)

64
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' “Pendular states”� Pendular states



Why Alignment needs to be Field-Free:

• Cannot measure innate molecular properties in the 
presence of a strong non-resonant laser fieldpresence of a strong non-resonant laser field.
• Molecular axis alignment methods must be field-free



Nonadiabatic Molecular Alignment
Field-free revivals

Aligned but 
field-free

Theoryy



Non-adiabatic Axis Alignment of CS2

<cos2> = 0.74

nt

�tpe
rim

e
Ex

p

• A complete Pump-Probe experiment within the rotational revival
• The molecule is effectively “fixed-in-space” during the measurement



Time-resolved 3D
Photoelectron Imaging 
ithi R t ti l R i l

CS *(1B ) CS +(X 0) + ( k)

within a Rotational Revival 

CS2 
*(1B2) � CS2

+(X, v=0) + e-(
, k)

S

CEpump Eprobe

S



Symmetry Analysis: (0,0,0) Cation ground state
Z

D
S

D�h                  
YC

6���� 6�����

X S
QUANTUM BEAT

TSeCation �%������� ��68#

�u
+

SUM

�u
+ �g �g  =    d� � g�

Free e- waves

TSeCation �%������� ��68#DIFFERENCE
�g

TSeCation�68#DIFFERENCE
�u

+ �g
�u  =    f� � h�
�u

+ =   p� � f� � h�



Orbital
Character
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What causes the MFPAD to Evolve in CS2 ?

CS2 X+

e- The electron is 

|0,0,0>

departing from the 
same vibrationless ion 
core in either case. 

CS2 (1B2)
*

|1>
|2>

Interference between 
transitions will lead to 
amplitude modulation| amplitude modulation.

So why should the 

CS2 X
*

PAD change shape?



Non-Franck-Condon Ionization Dynamics

• The electron departs from the same vibrationless ion core.
The scattering potential for the outgoing electron is therefore 
the samethe same.
• However, the total phase shift of a given channel also
depends on the phase of the ionization matrix element.

If the PAD changes shape the matri elements m st ha e• If the PAD changes shape, the matrix elements must have
different coordinate dependences (failure of Franck-Condon)

• An evolving MFPAD is due to the vibrational coordinate 
dependence of the ionization matrix element. 

•This directly reflects the evolution (whether adiabatic or 
non) of the electronic wavefunction on the Molecular 
Frame during vibrational motionsFrame during vibrational motions.



Time-resolved MFPADs

• An evolving MFPAD is due to the vibrational coordinate 
dependence of the ionization matrix element. 

• This effect is due to the evolution of valence electronic 
character with nuclear geometry

Can MFPADs observe purely electronic dynamics 
during a chemical reaction?



Testing for Purely Electronic Dynamics
Varying the Vibrational Statey g

CS2 (1B2)
*

CS2 X
*



Testing for Purely Electronic Dynamics
Varying the Vibrational Statey g



TR-MFPADs Probes
Purely Valence Electron DynamicsPurely Valence Electron Dynamics



TR-MFPADs Probes
Purely Valence Electron DynamicsPurely Valence Electron Dynamics

SUM DIFFERENCE

Multichannel
Schwinger

Configuration
Interaction

calculations of 
Ionization Matrix 

El tElements



Imaging Purely Valence Electron Dynamics
EXPERIMENTEXPERIMENT

THEORY v+ >> 0

v+ > 0

v+ = 0v  0
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Summary
• Wavepackets are coherent superpositions of exact eigenstates 

prepared by broad, coherent laser pulses (e.g. femtosecond).

• Wavepackets can behave like “zeroth order” states (e.g. normal 
modes, Born-Oppenheimer states etc.)

• Non-adiabatic molecular dynamics involves both electronic and 
vibrational rearrangements.

• Photoelectron spectroscopy is sensitive to both electronic and 
vibrational degrees of freedom.

• TRPES probes these processes, in both energy and angle-
resolved manners

• The dynamics of the Valence Electrons may be imaged via 
Molecular Frame Photoelectron Angular Distributions
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