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1973: A REVOLUTION IN CHEMISTRY?
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Observation of the visible fluorescence of the SiF radical in SiF 4 gas irradiated by the pulsed output of
a CQy laser leads to the conclusion that the molecules are dissociated into electronically excited frag -

ments by the action of the intense laser field. A clear distinction is observed between the fluorescence
produced through this process and that associated with thermalization of the incident energy.

L’observation de la fluorescence visible du radical SiF dans le gaz SiF 4 irradié par le faisceau pulsé
laser au CO 5 conduit 2 ]a conclusion que les molécules sont dissociées cn fragments électroniquement

cités par I"action du champ laser intense. Une nette distincion est observée entre la fluorescence produi| P hYSical plctu re Of I R M P E

selon ce procédé et celle qui est associée avec la thermalisation de 1’énergie absorbée.
[Traduit par le jo

Cn. J. Phys., 51, 281 (1973) » Raman experiments
» Discussion

N.R. Isenor, V. Merchant, R.S. Hallsworth and M.C. Richardson, Can. J. Phys. 51, 1281 (1973)
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‘QUASICONTINUUM’ MODEL

Excitation ‘quasicontinuum’
Energy ‘

diss

* incoherent step-by-step excitation

-
Number of - fluence dependence
modes
participating * bottleneck-effect

» loss of selectivity at high excitation

N. Bloembergen and E. Yablonovitch, Physics Today 5, 23 (1978)
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OBJECTIVES

« Measure intramolecular energy distributions
 Study dynamics at intermediate excitation

Spontaneous Raman CARS

* Integrated energy over mode - State-to-state distribution
» Best at high excitation - Best at low to intermediate excitation
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SPONTANEOUS RAMAN

V.N. Bagratashvili, et al., Opt. Lett. 6, 148 (1981)
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RAMAN INTENSITY AND MODE-ENERGY

Raman transition probabilities are proportional to quantum number n

W ~n+1, W ~n

n—n+l n—n-1

So Raman intensities are proportional to the energy in the mode

(=]

I~ 2 W N~ nNm)~D, nN(n) = E Jhv,
n=0 n=0 n=0

O

I~ Y W_ N ~Z_‘6(n +1) Nn) ~ 1 -|Z—‘:]nN(n) = 1+E/hv,

n=0

The anti-Stokes signal divided by the room temperature Stokes signal is
a direct measure of the mode energy

ER/th E
1+ E;/th hv,

norm
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EXPERIMENTAL SETUP
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RAMAN SPECTRUM

SFE

a.u.

330 340 350

Jyhpyng Wang, Kuei-Hsien Chen, and Eric Mazur, Phys. Rev. A 34, 3892 (1986)
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INTRAMOLECULAR EQUILIBRIUM
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RAMAN SPECTRUM
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INTRAMOLECULAR NONEQUILIBRIUM
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Kuei-Hsien Chen, Jyhpyng Wang, and Eric Mazur, Phys. Rev. Lett. 59, 2728 (1987)
Jyhpyng Wang, Kuei-Hsien Chen and Eric Mazur, Int. Quantum Electr. Conf., Tokyo (1988)

B5-88-12



FLUENCE DEPENDENCE

1
Wavenumber 1082 0.6 iR

Kuei-Hsien Chen, Jyhpyng Wang, and Eric Mazur, Phys. Rev. Lett. 59, 2728 (1987)
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CARS EXPERIMENT

Nd:YAG laser
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EXPERIMENTAL SETUP
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CARS SPECTRUM
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GROUNDSTATE DEPLETION
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OVERVIEW OF RESULTS

Spontaneous Raman:
SF; Equilibrium vibrational energy distribution is reached within 20 ns
CRCl, Nonequilibrium vibrational energy distribution for two modes
Total vibrational energy at least 21,000 cm
Pump mode contains most energy

Buffer gas equilibrates the energy distribution

CARS:

Complete ground state depletion
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INTEGRABLE HAMILTONIANS

‘ergodicity boundary’

Integrable
Hamiltonians

ERGODIC
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NONINTEGRABLE PERTURBATIONS

Fermi, Pasta & Ulam (1955)

‘ergodicity boundary’

Integrable
Hamiltonians
| small perturbation

\H. )+ H (o

)

\ nv =0
Kolmogorov, Arnold & Moser Z i

ERGODIC

KAM THEOREM: [ v’s linearly independent and perturbation
small — trajectory surfaces are not destroyed, just distorted.
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PHASE SPACE TRAJECTORIES

frequencies frequencies
linearly independent linearly dependent

Ipw
excitation

high
excitation
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COMMENSURATE FREQUENCY COMBINATIONS

D.nvl < 002 |nlv, with [n.[<2,and Y |n.| <4.
{n} {n) {n}
Molecule Number of Measured. ..
combinations distribution
SF, 220 equilibrium

CECI, 17 nonequilibrium
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CONCLUSIONS

* Results consistent with KAM theorem
« High ‘selectivity’ below dissociation possible
 Rotational states play an important role

«  Study intermolecular distribution and state-to-state distributions
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-
NOTES

INTEGRABLE HAMILTONIANS

Constant of motion limits the phase
space trajectory to a zero measure
subset of the equi-energy surface

Planetary system

Ho-88-18

In the rest of this presentation, we will look at IRMPE from a
classical nonlinear dynamics point of view.

In classical mechanics, a polyatomic molecule can be
modeled as a system of coupled nonlinear oscillators.

Then, IRMPE can be thought of as a system of coupled
nonlinear oscillators driven by an external oscillatory force.

From experiments we know that at low excitation, the energy
is localized in the pump mode, while at high excitation the
energy can be transferred to other modes.

The question of interest here is how the state of the molecule
evolves from one with localized vibrational energy to one
with distributed energy. Also, one would like to know what
determines the final energy distribution.

For an integrable system, the trajectory is limited in a small
part of the available phase space because of the constants of
motion. And the energy is always localized For example:

Page
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- - ]
NOTES

MOLECULAR CHAOS

Total energy

HO-88-17

While for nonintegrable systems the trajectory
can be very irregular.

For sufficiently high excitation or strong
intermode coupling, the trajectory may cover
the entire available phase space.

In this case, the energy distribution is
equilibrium.
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.
NOTES

NONINTEGRABLE PERTURBATIONS

Q.: Will a small nonintegrable perturbation render the system ergedic?

Ferml, Pasta & Ulam: Small nonintegrable perturbations do not make an

integrable system to ergodic

KAM theorem: Small nenintegrable perturbations can only distort,
not destroy the trajectory surfaces, unless the

following condition is satisfied:

Zn,v,:O

)

HO-88-18

Since nonintegrable perturbations such as
mode-couplings can render the trajectory
chaotic and energy distribution equilibrium, it
was thought that these perturbations is
responsible for the ergodicity of the system.

Intended to show that the general assumption of
ergodicity in Boltzmann's statistical mechanics
is a nature consequence of the inevitable small
nonintegrable perturbations, Fermi, Pasta &
Ulam studied the following question:

Both Fermi’s experiment and the KAM theorem
suggest that, in general, a system of nonlinear
oscillators can become ergodic only when the
energy involved is large enough, or when
condition ** is satisfied.
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-
NOTES

COMPARISON WITH KAM-CONDITION

l40-88-19

It is interesting to compare the number of times
condition ** is satisfied for the two molecules,
SF6 and CF2Cl2, whose energy distribution
have been measured experimentally.

According to the KAM theorem, the more often
condition ** is satisfied, the more likely the
molecule will behave ergodically after infrared
multiphoton excitation. For SF6 and CF2Cl2,
one can calculate the number of times condition
*% is satisfied as a function of the excitation
energy, and compare the results of the
calculation with the experimental results.

Page
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CHAPTER 1 — INTRODUCTION 17

of the equation is chosen close to the total anharmonicity of a typical vibrational mode,
which can be roughly thought of as the linewidth of a typical v;. Since our goal is to
compare the number of incidences where Eq. (1.1) is satisfied for different molecules
under the same conditions, the choice of the number on the right hand side of Eq. (1.2) is
not critical. In the calculation the set {#;} is permuted to cover all possible combinations,
and the number of incidences is sorted according to the total internal energy of the

molecule,

E:Z’n£|vi_ (1.3)
4

As one can see from Fig. 1.5, for SFg, the number of incidences where Eq. (1.2) is
met, is orders of magnitude larger than for CF2Cly. Also, the larger the excitation energy
is, the bigger the difference between the two molecules. Note that for both molecules N
increases rapidly with energy .

Figure 1.5 strongly suggests that SFg will behave ergodically at a much lower
excitation energy than CF2Cls. Indeed, the experimental results presented in chapter 4 and
5 show that the intramolecular vibrational energy distribution of SFg after infrared

multiphoton excitation is an equilibrium one, while the one of CF2Cl3 is not.

1.6 Mode-selective excitation vs. intramolecular vibrational energy equilibrium

The experimentally observed intramolecular equilibrium for dissociating molecules
raised serious doubts regarding the feasibility of selective chemical bond breaking by

infrared lasers. Experimental studies indicate that intramolecular energy relaxation takes
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o SF6
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Fig. 1.5, Number of times, N, where Eq. (1.1) is satisfied as a function of excitation energy
for SFg and CF,Cly. For SFg N is one 10 two orders of magnitude larger than for CF2Cia.
This graph suggests that SFg will behave ergodically at a much lower excitation energy than

CF7Cl3,

place on a picosecond time scale.34.35 With today’s molecular laser technology it.is still
hard to beat this time scale. It has been proposed that it may be possible to use laser pulses
with a complicated preprogrammed coherence structure to match the evolution of the
molecular states in such a way that the collective motion of the atoms leads to a selective

bond breaking state.36 However, this approach will work only when the time scale of the
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coherence structure of the pumping pulse is shorter than the transverse relaxation time of
the vibrational states. Practically, there is not yet a way to control the coherence structure

of an infrared laser pulse on such a short time scale.

1.7 Objective of this work

Although the quasicontinuum model explains the general features of infrared
multiphoton excitation, one cannot obtain a clear picture of intramolecular vibrational
energy relaxation without measuring the intramolecular vibrational energy distributions.
Most of the experiments done before this thesis do not supply mode-specific information
other than for the pumped mode. Spectroscopic measurements on modes which do not
interact directly with the infrared pumping laser are necessary for understanding how the
nonresonant background modes participate in the infrared multiphoton excitation. In the
first stage of this research project, time-resolved spontaneous Raman spectroscopy was
employed to measure the vibrational energy of each accessible Raman active mode after
infrared multiphoton excitation for molecules with different sizes and symmetries (see
chapter 2-5). The intramolecular vibrational energy distributions were obtained as
functions of infrared fluence, frequency and time. In the second stage, a high resolution
coherent anti-Stokes Raman experiment was set up to measure the state-to-state population
within each vibrational mode. In both cases, the realization of low density, high time

resolution Raman spectroscopy provides direct measurements of the state of the molecules.
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