Gas Phase Dynamics in Small Molecules
and Clusters: From Analysis to Control

Stefan Vajda

APS Workshop on Time Domain Science
Using X-ray Techniques

The Abbey, Fontana, Lake Geneva Area, Wisconsin
August 31, 2004

Argonne National Laboratory

r A U.S. Department of Energy
4 Office of Science Laboratory

Qceotacence  Operated by The University of Chicago




Wdynamics with ultrafast lasers

| C_pntrol

o

control 1

Pioneering Office of Science r
Science and U.S. Department
Technology of Energy A



al processes (analysis)

ined with mass spectrometry

e knobs — ,trial & error)
terized)
f multiphotonic processes

ly dissociative MnCp(CQO)3 molecule

K/NaK system

Pioneering Office of Science r
A Science and u.s. De%aétment @
of Energy A

Technology



Bound-Bound Transition Bound-Free Transition N[ Predissociation h
lonic State lonic State lonic State

Excited State

Ground State

Reaction Coordinate

Pump & Probe Signal

Energy

Ground State

Excited State

Reaction Coordinate

Pump & Probe Signal

V. .

Energy

Ground State

Reaction Coordinate

/

Pump & Probe Signal )

/

Office of Science
U.S. Department
of Energy

Pioneering
Science and
Technology

A 2



Experimental Setup

Y

=

730-850 nm, 80 fs, 25 nJ @ an#nguz E@L

Autocorrelator | ;

ra

T oro VS

14-1.6 ym +1.4225 ym . Optional -

‘

T - fl
'Lflll .“n‘ "|-|“ |
il ]

—
—» A
Computer

o

|

: Na,

ion signal / a.u.

in the B state of Na,

Pump & probe spectrum of

Na, B-state

Pump & probe scheme

=620 nm Schematic of the 2-photonic

pump & probe process
in Na,

Na,*

energy

reaction coordinate

T T T T T i T
pump = A'pml:;e
T ~320fs
Na,-B
L 1 " 1 L 1 1
0.0 0.5 1.0 1.5 2.0

time delay / ps

25

Stefan:Na3_100fs_01bogi

1.~ 320 fs, symmetric stretch mode of the B-state of Na,

S. Vajda, and L. Wdste, in ,Femtochemistry“,Eds.: F.C. De Schryver, S. De Feyter and G. Schweitzer,
John Wiley-VCH, 2001, ISBNs: 3-527-30259-X, Chapter 10, pp. 199-216
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py applying manually chirped pulses
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The ground state dynamics is controlled
with the chirped pulse arriving first and
acting as a pump&dump pulse.

ajda, and L. Woste, in ,Femtochemistry“,Eds.: F.C. De Schryver, S. De Feyter and G. Schweitzer,
Wiley-VCH, 2001, ISBNs: 3-527-30259-X, Chapter 10, pp. 199-216
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Laser Pulse Modulation
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Teaching Lasers to Control Molecules

Richard S. Judson

Center for Computational Engineering, Sandia National Laboratories, Livermore, California 94551 -0969

Herschel Rabitz

Department of Chemistry, Princeton University, Princeton, New Jersey 08544
(Received 26 August 1991)

We simulate a method to teach a laser pulse sequences to excite specified molecular states. We use a
learning procedure to direct the production of pulses based on “fitness™ information provided by a labo-
ratory measurement device. Over a series of pulses the algorithm learns an optimal sequence. The ex-
perimental apparatus, which consists of a laser, a sample of molecules, and a measurement device, acts
as an analog computer that solves Schrodinger’s equation exactly, in real time. We simulate an ap-
paratus that learns to excite specified rotational states in a diatomic molecule.
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NaK

timization

- - - -ion yield with
a transform limited pulse

100 150

200

generation  cnem prys 267, 231 (2001), Special Issue on , Laser Control of
Molecular Dynamics®, Guest Editors : R. de Vivie-Riedle, H. Rabitz,

and K. Kompa

Significant increase of the
ion yield with optimal pulse
in comparison with the ion
yield achieved with a single
pulse of same energy.

Increase of the ion yield of
one product is accompanied
by a decrease of the ion
yield of the second product

S. Vajda, A. Bartelt, C. Kaposta, T. Leisner, C.
Lupulescu, S. Minemoto, P. Rosendo-Francisca

and L. Woste

Pioneering
Science and
Technology

Office of Science r
U.S. Department
of Energy ‘



— NaK
al pulse forms

Comparison of the transient spectra with the
optimal pulse form: What can we learn from
the optimal pulse forms?

Na,K

The algorithm ,counts® the right number of photons
needed in the excitation and ionization step, 1 and
2 respectively.

The algorithm identifies the frequency of the
vibration clock of the system.

NaK

Same information found as for Na,K.

The triple-pulse structure is indicative of a complex
underlying mechanism.

Why a triple pulse for NaK?
Only the time plays a role?
m Role of wavelength/chirp?

S. Vajda, A. Bartelt, C. Kaposta, T. Leisner, C. Lupulescu, S. Minemoto, P.
Rosendo-Francisco , and L. Wéste

3 Chem. Phys. 267, 231 (2001), Special Issue on ,Laser Control of Molecula
Dynamics®, Guest Editors : R. de Vivie-Riedle, H. Rabitz, and K. Kompa
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free phase optimization

Na,K

a)

Optimal pulse form for maximum NaK’ yield
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‘% g Ly Phys. Chem. Chem. Phys. 6, 1679 (2004)
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SHG FROG traces of the optimized pulses a) CpMn(CO),
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dipole operators were all considered.
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MnCp(CO),
shape for MnCp(CO),* — role of the chirp

SHG FROG image Pulse profile obtained from FROG analyis

First sub-pulse blue-shifted (798.7 nm)
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\ After 85 fs, the wavepacket reaches the outer turning
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@mple: pulse for the control of isomerization in Na,F,
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Figure 2. Fourier transform of the optimal pump pulse and the
Franck—Condon profile for the first excited state corresponding to the
excitation energy T. = 1.33 eV (upper panel (a)) and Wigner transform
of the optimal pump pulse (lower panel (b)).

Mitric, M. Hartmann, J. Pittner, and V. Bonacic-Koutecky, J. Phys. Chem. 106, 10477 (2002)
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Candidate model systems/processes:

Femtosecond lodine solution(flow cell) )

Ti-Sapphire Laser Study and control of photoinduced
o structural/phase changes of small
clusters/molecules in the gas phase

and on surfaces.

Scattering on

total signal difference signal

H CCD Detector Relevance: ]
i g’ ! - nanocataly§|s
Chopper J - | - photochemistry

X-Ray pulses
from storage ring
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