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Molecules in Stronger Laser Fields

Electric field due to
the laser adds to the
Coulomb field,
suppressing the
barrier, allowing the
electron to tunnel out.
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Strong Field lonization
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A Puzzle: Structural Dynamics via HHG
Kanai et al, Nature 435 (2005) C. Vozzi, PRL 95 (2005)

HHG spectrum of CO,

Like Bragg diffraction, when
the electron wavelength
matches a bond distance,
the diffraction is enhanced
leading to a characteristic
‘structural minimum’ in HHG

A controversy:
The location of the ‘structural minimum’ in the HHG
spectrum is located differently in Tokyo vs. Milano...
Why?




The Explanation:
Multiple Electronic Continua

namre

ARTICLES

dok10.1038/natura 08253

High harmonic interferometry of
multi-electron dynamics in molecules

Olga Smirnova'?, Yann Mairesse'~, Serguei Patchkovskii', Nirit Dudovich'?, David Villeneuve', Paul Corkum’
& Misha Yu. Ivanov'”

» Multiple electronic continua can participate in the
strong field ionization of molecules.

* These channels dramatically affect the form and
iInterpretation of high harmonic spectra.




Probing Vibrational Dynamics in N,O, via HHG
Murnane-Kapteyn Group, JILA

HHG yield very
strongly

modulated at the
N-N stretch

frequency.

Up to 100% mod !

Maximum yield at 8 ,
outer turning point g .'l e Why such
of vibration. | 3 e deep
R modulation?

Time delay (fs)




Time Resolved HHG of Molecular Dynamics

Strong HHG Electron
recombination

\  \Weak HHG
Electron : SRR
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Time-Resolved Dynamics in N,0, Probed

See also PH Bucksbaum. Multiple continua in HHG on N,
(Same issue, Science magazine)
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Quasi-Static Model of Strong Field lonization

[1] Adiabatic Approximation:

Electron motion fast compared to laser oscillation.
Analogous to the Born-Oppenheimer approximation.

[2] Tunneling Approximation.
Tunneling time t, much less than the laser period o, .

Keldysh parameter Y

I
T, = << 1, U,
2U |

[3] Single Active Electron Approximation:
Only one electron responds to the field.




Quasi-Static Model of Strong Field lonization
Why does it work so well for Rare Gas Atoms?

(1) Adiabatic Approximation
The first excited state is %4 of the way to the IP.

(2) Tunnelling Approximation
The IP is high and a strong field is needed, meaning

the barrier is narrow: high tunnelling rate. y < 1

(3) Single Active Electron Approximation
Since the first excited state is % of the way to the IP,
there are no doubly excited states below the IP.
Effectively single electron.




Does Quasi-Static Theory apply to Molecules?
Not in general!

Delocalized electron path length can become long.

Electrons oscillations become slower than the laser period
Adiabatic approximation fails.

In molecules, doubly excited configurations lie below the IP

Single active electron approximation fails.

The driven electronic dynamics inside
the molecule becomes important.




Experimental Problem:
Spatial averaging over Intensity

Intensity-Dependent
Measurements

Tight focus
Average over all intensities
Always get |32 at saturation
Low intensity interactions dominate

Long focus with tightly skimmer molecular beam
lon collection from a cylindrical volume
of constant axial intensity




Constant Axial Intensity Geometry

Differential signal:

lon signal:

High intensity limit; S =zR*acl[In(1,) +In(,,,)]




The Saturation Intensity: I__,
A Molecular Property

Example
For power law  W(I) =c 1"
the |, is the constant intensity at which 43% are ionized.

n=8 Plot signal S vs. In(l,)

o= 1x 107 Wem™s Limiting slope independent
of form of W(l)
Limiting slope = azR2c/ Definition of I, as the
iIntercept

lon Signal

l,.: can be calculated via ADK for
rare gas atoms

Use rare gas (e.g. Xe) as an
internal reference standard

‘ILl]U
Intensity / 10"* W cm™




The Saturation Intensity: I__,

800 nm, 40 fs
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permits direct comparison with
theory (no scaling required)

allows absolute intensity
calibration to <20% accuracy
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Saturation Intensity: Decatetraene at 1.450 mm

136
In( 1, [W/cm?])

Calibrated intensity measurements as function of A
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PHYSICAL REVIEW LETTERS 1 JANUARY 2001
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VOLUME 86, NUMBER 1

Nonadiabatic Multielectron Dynamics in Strong Field Molecular Ionization

M. Lezius,? V. Blanchet,® D. M. Rayner,! D.M. Villeneuve,! Albert Stolow,* and Misha Yu. Ivanovh#
VOLUME 117, NUMBER 4 22 LY 2002

JOURNAL OF CHEMICAL PHYSICS
Polyatomic molecules in strong laser fields: Nonadiabatic

multielectron dynamics
M. Lezius,® V Blanchet ® Misha Yu. Ivanov, and Albert Stolow®




Complete Failure of the Adiabatic Approximation
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Physical Review Letters 86, 51 (2001) J. Chemical Physics 117, 1575 (2002)



Dynamic Polarization in the QS Limit

e
Field Free

In a slowly varying ﬂ/\
laser field.

The dynamic polarization of all other electrons provides Coulomb repulsion
for the ‘active’ electron, effectively increasing the barrier.




Multi-Electron Transition Metal Atoms & Clusters

1 kHz PULSED RESTRICTED COLLECTION VOLUME
METAL CLUSTER SOURCE TIME-OF-FLIGHT
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Transition Metal Atoms & Clusters

1.450 pm, 1 kHz
70 fs, 104 W/cm?

AL

g 10 12 14 16 18 20
n/z

il

1l

TM clusters have bond energies which exceed their IPs.
No fragmentation at these threshold intensities!

Physical Review Letters 93, 203402 (2004)



Failure of the Single Active Electron Approx.

Transition Metal Atoms
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104-108 x harder to ionize than Single Active Electron theories predict




Atomic Models for Strong Field
lonization in the Quasi-Static Limit

* Single Active Electron theories such as ADK
represent the limit where many-body electron

effects are neqliqgible.

* What can we use as a simple model which
represents the limit where many-body
electron effects are dominant ?




High Dynamic Polarizability

Effective screening: Zero Range Potential (ZRP)

Limit of perfect screening
(i.e. infinite dynamic polarizability):
z*—0

Downhill barrier —
triangular barrier (ZRP).

Effective Coulomb charge: z*

Physical Review Letters 93, 213003 (2004)



Absolute lonization Rate: W(/,, f(?))

The time integral of the Absolute lonization
rate as a function of Intensity follows from the
slope of the Saturation Intensity curve
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Physical Review Letters 93, 213003 (2004)




Absolute lonization Rates
Between ADK and ZRP

— [Sat (Exp) _]sat (ADK)

77 B Isat(ZRP)_]sat(ADK)

Xe: 0%
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electron contribution to
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Saturation Intensities: Nickel clusters
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Saturation Intensity Scans: Nickel clusters

Ni,
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Example: Ni; Intensity Scan

(includes error bars)

A=1.450 um
=90 fs
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Physical Review Letters 93, 203402 (2004)



Saturation Intensities: Niobium clusters
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Dramatic Suppression of Metal Cluster
lonization in Strong Fields

Niobium

pverestimates
1;) 1 2 3 4 5 6 7 8 9 10 11 metal CIUSter
LD S phization rates

by a factor of
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Dynamic Polarization — Multi-electron screening



Dynamic Multielectron Polarization of the Core

3
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Laser Field Image Potential

Polarizability
Effective Coulomb

Polarizability
/ included

Effect of the Polarizability
on the Tunneling Barrier

Polarizability
omitted




Saturation Intensity: Niobium clusters

Failure of the Single Active Electron Picture

with polarizability

w/o polarizability

Atoms per Cluster
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Dynamic Polarization — Multi-electron screening




Polyatomic Molecules in Strong Laser Fields

Can we experimentally measure which
electronic continua are directly populated
during Strong Field lonization?

Channel-Resolved Above Threshold lonization
CRATI




Above Threshold lonization: ATI
E..=nxhv—-IP-U_
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Above Threshold lonization: ATI

Ekin =nx hv-IP - U <— Measures IP

IP(Xe) = 12.1eV
IP(Ar) = 15.8eV
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CRATI
Photoelectron-Photoion Coincidence Spectroscopy: PEPICO

Electron
TOF

Magnetic
bottle

Dual co-axial TOF design
Dual Multichannel scaler




Avoiding spatial averaging over Intensity

Long focus with tightly skimmed molecular beam
PEPICO collection from a cylindrical volume of constant axial intensity

Laser: . =0.8-1.5um,t=35fs, | =10"%- 10" W/cm?
Focal geometry: f# =50, Rayleigh range = 7 mm

Skimmed molecular beam dia. = 1 mm at laser focus




SFIl in Butadiene
800nm 1=1.3x10" W/cm?2

IP: 9.1eV

Ellipticity
study
confirms
recollision
effects not
Involved

Fragmentation
means cation
excited states
are populated
in the laser
field.

[/ns/1E6]

counts




Dissociative lonization in Polyatomic Molecules

Electronically excited states of polyatomic molecules tend to be unstable.
They undergo field-free unimolecular fragmentation (cracking).

Fragment Appearance Energies

molecule IE(,B.} V]

Butadiene

Appearance of a Fragment lon
is the signature of populating
the ion excited state
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e a

BRANCHING RATIO
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He(l) Coincidence Spectra
J. Dannacher et al., ChemPhys 51, 189 (1980)




CRATI in Polyatomic Molecules

There are two ways to populate an ion excited state:

(1) Direct tunnel ionization of a lower-lying orbital
which correlates with the ion excited state.

(2) Sequential photodissociation of the ion ground
state which was first formed by tunnel ionization.

CRATI detection:

(1) Direct ATl comb of fragment shifted by AIP
(modulo hv) compared to parent ion.

(2) Sequential ATl combs of parent and fragment
lons are identical, since the electron left first.




Covariance Mapping

I(t.) = ion TOF — ion mass
E(t,) = electron TOF — e K.E.

CovV [](tl.), E(te)]: <[(ti)E(te)>_ <](ti)><E(t€)>

where the average is taken over all laser shots.

Cov reveals correlations between ion mass and electron K.E.
in the regime where Poisson fluctuations dominate.

- Confirmed accuracy by comparing with time
consuming true coincidence measurements.

- Cov permits up to two orders of magnitude
Increase in data rate.




lon-Electron Covariance Map
SFI1 of n-butane
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800 nm, 35fs, 1 =1.6 x 1013 W/cm?



CRATI in Butadiene
800nm 1=1.3x10" W/cm?2

Direct experlmental measure of multiple
electronic continua in attosecond SFI
of polyatomic molecules

Electron K.E.




CRATI in n-butane
800nm 1=1.3x10" W/cm?2

0 10 20 30 40 50 60
Mass [amu]

C,H,," parent ion (black)
C,;H.," fragment: ATl shift = 0.44 £ 0.05 eV

C,H;* fragment: ATI shift = 0.40 £ 0.05 eV
C,H;* fragment: ATI shift= 0.10 £ 0.05 eV




CRATI in n-butane
800nm 1=1.3x10" W/cm?2

n-butane

11.20
10.75

11.70
11.13

D, (C,H;)=1.65eV 0.1 eV

11.70 =hv+01%201eV

11.18

12.20
12.40

C,H,," parent ion (black)
C,;H.," fragment: ATl shift = 0.44 £ 0.05 eV
C,H;* fragment: ATI shift = 0.40 £ 0.05 eV
C,H;* fragment: ATI shift= 0.10 £ 0.05 eV




Theory: Channel Resolved ATI

PHYSICAL REVIEW A 80, 063411 (2009)

One-electron ionization of multielectron systems in strong nonresonant laser fields

Michael Spanner and Serguei Patchkovskii
Steacie Institute for Molecular Sciences, National Research Council of Canada, Ottawa, Ontario, Canada KIA OR6
(Received 1 August 2009; published 7 December 2009)

 Full dimensionality, all-electron, coupled channel
nonperturbative matter-field TDSE propagation.

» Mixed orbital/grid-based approach

* No assumptions made about:
the nature of the ionization mechanism or the
adiabaticity of the field-driven electron response

Only assumptions:
(1) Continuum electron not anti-symmetrized wrt all others
(2) Finite number of cation electron states included




C,H.: 1,3-Butadiene

C,H;: 1-Butene

C,H,,: n-Butane




Example: CRATI in n-butane

Dyson O

/ !
Azimuthally averaged ionization rate




Example: CRATI in n-butane

Dyson 2




All-electron nonperturbative TDSE calculations

, -+ 1,3-butadiene > 1-butene 539", n-butane
800 nm 800 nm .
) 1013 W/cm? D 1013 W/em? o D,
D 1 0 i
2 0 :
800 nm |
D 7] 1073 W/cm?
- Excellent agreement with 0
2 = experimental CRATI yields.
S
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All-electron nonperturbative TDSE calculations
Including laser-driven non-adiabatic interchannel coupling

800nm | n.-putane L .
1014 W/Cm2 ¥ 10 IFIE|C|EJOFIQ)<I 3}:.“:, IFleln:laicmgy,.fJ

Molecular Geometry
I I_I,I
2 2
AQ 1 Bu

* NME strongly redistributes populations on sub-cycle timescales.
 This redistribution depends on: field strength, laser frequency,
electronic structure and molecular frame alignment
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CRATI in Polyatomic Molecules

A direct experimental probe of the
electronic continua populated during
Attosecond Strong Field lonization.

Multiple electronic continua have
iImportant consequences for all strong
field experiments

The Multielectron lonization
Dynamics Underlying Attosecond
Strong-Field Spectroscopies

Andrey E. Boguslavskiy,* Jochen Mikosch,™* Arjan Gijsbertsen,™** Michael Spanner,*
Serguei Patchkovskii,* Niklas Gador,?> Marc ]. ]. Vrakking,>* Albert Stolowt

16 MARCH 2012 VOL 335 SCIENCE www.sciencemag.org




Is there such a thing as

“Attosecond Chemistry”?




What is the Time Scale of
Valence Electronic Dynamics
during a Chemical Reaction ?

Many-Body electronic (frozen core) Schrodinger Eqg

1. Stationary eigenstates are many-body wavefunctions
having a time independent electron density. Not MOs !

. A coherent superposition of two frozen core electronic
eigenstates will oscillate with a period equal to the inverse
level spacing.

Attosecond
Pulse




Electronic Dynamics in Chemistry
What is their time scale during Chemical Reaction?

One of the fastest chemical processes: Dynamics at a Conical Intersection

Attosecond

Pulse The

electronic
dynamics
“slows
down” at a
conical
intersection

Electron dynamics during chemical reaction occurs on the time scale of atomic motions:
Femtoseconds
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