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When molecules are irradiated by an intense laser
(which typical wavelength is about 800 nm), various
nonlinear dynamical processes are induced. Examples
are alignment, structural change, and ionization
followed by high order harmonic generation or Coulomb
explosion. Electronic excitation by an intense laser,
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however, has been paid less attention.

Recently, Kong et al. found electronically excited
neutral fragments after irradiating intense laser to
various kind of gaseous molecule. It has been known
that Coulomb explosion results in simultaneous
breakings of various chemical bonds leading to
charged fragments. Even though Kong’ s finding also
results in breaking almost all the chemical bonds, it
1s not attributed to the Coulomb explosion, but to a
new mechanism because the fragments are neutral.
Conventional studies utilize electron scattering or
synchrotron radiation to prepare SES’ s. intense
short pulsed laser, on the other hand, may open new
possibilities in this research field. Due to the non
linearity of the pumping process, intense laser can
produce SES s that can hardly be created by electron
scattering or synchrotron radiation. Kong et al.
actually found several new SES s of 02 molecule.
Another consequence of intense short pulse laser is
that time resolved spectroscopy is made possible.
Chin’ s group performed a kind of pump-probe
experiment, in which pump pulse creates SES' s and
probe pulse destroys them, obtaining a possible
lifetime of SES.

Even though it is evident that intense short pulse
laser 1s a new promising tool to study super excited
states, several basic problems are still open as
follows. Why can SES’ s survive in intense laser
field? What is the fragmentation mechanism of parent
molecule in SES? What is the mechanism to destroy SES
in the pump probe experiment? The purpose of this
research project is to give concrete answers to these
problems. I am going to study on (a) pumping process
to SES’ s and high harmonic generation by intense
short pulse laser, and (b) femto- and atto- second
dynamics of SES with/without laser irradiation.

Intense Short Pulse, Femto Second, Super Excited
State
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When molecules are irradiated by an intense laser (which typical wavelength is about 800 nm),
various nonlinear dynamical processes are induced. Examples are alignment, structural change,
and ionization followed by high order harmonic generation or Coulomb explosion. Electronic
excitation by an intense laser, however, has been paid less attention.

Recently, Kong et al. found electronically excited neutral fragments after irradiating intense
laser to various kind of gaseous molecule. It has been known that Coulomb explosion results in
simultaneous breakings of various chemical bonds leading to charged fragments. Even though
Kong’s finding also results in breaking almost all the chemical bonds, it is not attributed to the
Coulomb explosion, but to a new mechanism because the fragments are neutral.

We have proposed a theoretical model that explains this new phenomenon. We assume that
fragmentation occurs from excited parent molecule created by a new excitation mechanism
having a wide distribution of the final states. We assume that the first excitation energy is much
larger than the photon energy, and that energy spacing between excited states are as same as or
smaller than the photon energy. Accordingly the excitation hardly takes place from the ground
state because of the large excitation energy, whereas the transitions between excited states are
much faster than the transition from the ground state. Excitation probabilities from the ground
state consequently do not depend on the final state because the population of an excited state
tends to be redistributed rapidly among excited states. Our model indicates that even super
excited states (SES’s) are created, which was confirmed by recent experiments.

In this project we theoretically discuss the excitation of molecule by intense laser pulse. We have
found (1) parity dependence of the excitation probabilities in the excitation of Hydrogen atom, (2)
enhancement of excitation probability by an additional weak 400nm pulse, (3) and dissociation
mechanism of methane in intense laser fields. (1) leads to the detail mechanism of the excitation
and an explanation of the stability of SES’s in intense laser fields. The enhancement mechanism
in (2) is expected to be applied to high harmonic generation, which may open a new possibility to
generate intense X-ray lasers. (3) is the first attempt to explain the neutral fragmentation after
electronic excitation. We have determined the two channels which results in neutral dissociation

and ionic dissociation, respectively.
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English Keywords :

Intense Short Pulse, Femto Second, Super Excited State

English Abstract :

When molecules are irradiated by an intense laser (which typical wavelength is about 800
nm), various nonlinear dynamical processes are induced. Examples are alignment,
structural change, and ionization followed by high order harmonic generation or Coulomb
explosion. Electronic excitation by an intense laser, however, has been paid less attention.

Recently, Kong et al. found electronically excited neutral fragments after irradiating
intense laser to various kind of gaseous molecule. It has been known that Coulomb
explosion results in simultaneous breakings of various chemical bonds leading to charged
fragments. Even though Kong’s finding also results in breaking almost all the chemical
bonds, it is not attributed to the Coulomb explosion, but to a new mechanism because the
fragments are neutral.

We have proposed a theoretical model that explains this new phenomenon. We assume
that fragmentation occurs from excited parent molecule created by a new excitation
mechanism having a wide distribution of the final states. We assume that the first
excitation energy is much larger than the photon energy, and that energy spacing between
excited states are as same as or smaller than the photon energy. Accordingly the excitation
hardly takes place from the ground state because of the large excitation energy, whereas
the transitions between excited states are much faster than the transition from the ground
state. Excitation probabilities from the ground state consequently do not depend on the
final state because the population of an excited state tends to be redistributed rapidly
among excited states. Our model indicates that even super excited states (SES’s) are
created, which was confirmed by recent experiments.

Conventional studies utilize electron scattering or synchrotron radiation to prepare SES’s.
intense short pulsed laser, on the other hand, may open new possibilities in this research
field. Due to the non linearity of the pumping process, intense laser can produce SES’s that
can hardly be created by electron scattering or synchrotron radiation. Kong et al. actually
found several new SES’s of O2 molecule. Another consequence of intense short pulse laser

is that time resolved spectroscopy is made possible. Chin’s group performed a kind of
6



pump-probe experiment, in which pump pulse creates SES’s and probe pulse destroys
them, obtaining a possible lifetime of SES.

Even though it is evident that intense short pulse laser is a new promising tool to study
super excited states, several basic problems are still open as follows. Why can SES’s
survive in intense laser field? What is the fragmentation mechanism of parent molecule in
SES? What is the mechanism to destroy SES in the pump probe experiment? The purpose
of this research project is to give concrete answers to these problems. I am going to study
on (a) pumping process to SES’s and high harmonic generation by intense short pulse laser,

and (b) femto- and atto- second dynamics of SES with/without laser irradiation.



COFLRF e RP3 P 0 v RE P S B % 93 (F B .

Introduction

The inventions of mode-locked oscillators and chirped pulse amplifiers have opened a
new possibility of intense field science. Peta-watt peak intensity is now available by
tabletop lasers, and numerous new phenomenon and technologies have been revealed so
far. When molecules are irradiated by an intense laser, various nonlinear dynamical
processes are induced. Examples are alignment, structural change, and ionization followed
by high order harmonic generation or Coulomb explosion. Electronic excitation by an
intense laser, however, has been paid less attention.

Recently, Kong et al. (in the collaboration with S. L. Chin’s group of Laval Univ.)
found electronically excited neutral fragments after irradiating intense laser to various
kinds of gaseous molecule such as methane, ethylene, and n-butane. It has been known
that Coulomb explosion results in simultaneous breakings of various chemical bonds
leading to charged fragments. Even though Kong’s finding also results in breaking almost
all the chemical bonds, it is not attributed to the Coulomb explosion, but to a new
mechanism because the fragments are neutral.

We have proposed a theoretical model that explains this new phenomenon'. We
assume that fragmentation occurs from excited parent molecules created by a new
excitation mechanism, which has a wide distribution of the final state in the excited states.
In our model we assume that the first excitation energy is much larger than the photon
energy, and that energy spacing between excited states are as same as or smaller than the
photon energy. Accordingly the excitation hardly takes place from the ground state
because of the large excitation energy, whereas the transitions between excited states are
much faster than the transition from the ground state. Excitation probabilities from the
ground state consequently do not depend on the final state because population of an
excited state tends to be redistributed rapidly among excited states due to the small energy
separations. In the case of methane the excitation probabilities to almost all the excited
states have power dependence on the laser intensity, namely I'°, which corresponds to the
experimental observation of laser intensity dependence of the fluorescence of CH
fragment in the A state having the power dependence of I'’. Our model indicates that even
super excited states (SES’s) are created, which also agrees well with the experimental
results.

Conventional studies utilize electron scattering or synchrotron radiation to prepare
SESs. Intense short pulsed laser, on the other hand, may open new possibilities in this
research field. Due to the non linearity of the pumping process, intense laser can produce
SESs that can hardly be created by electron scattering or synchrotron radiation. Kong et al.
actually found several new SESs of 02 molecule’. Another consequence of intense short

8



pulse laser is that time resolved spectroscopy is made possible. Ali et al. (S. L. Chin’s
group) performed a kind of pump-probe experiment”, in which pump pulse creates SES’s
and probe pulse destroys them, obtaining a possible life time of SES.

Purpose

Even though it is evident that intense short pulse laser is a new promising tool to study
super excited states, several basic problems are still open as follows. Why can SESs
survive in intense laser field? What is the fragmentation mechanism of parent molecule in
SES? What is the mechanism to destroy SES in the pump probe experiment by Ali et al.?
The purpose of this research project is to give concrete answers to these problems. I am
going to study on (a) pumping process to SESs and high harmonic generation by intense
short pulse laser, (b) effect of second probe pulse, and (c) Dissociation process of methane
in intense laser field.
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Methods

In this study, we consider the dynamics of molecular electronic states under an intense
laser field. By taking the dipole approximation and ignoring the rovibrational motion, the
total Hamiltonian of the system is given by

H(t)=H,+V (). (1)

Here, H, is the time-independent molecular Hamiltonian, and V(z) is the time
dependant interaction. In the dipole approximation, we have V (7)=xF (¢)sin(ar).

We assume that our target molecule is described by a wavefunction ¥(r) satisfying the
initial condition W(r=-«)=®,. Here &, is the ith eigenfunction of the molecular
Hamiltonian H,(r), namely

H,(r)®, =E®,. (2)
where E, isthe eigen energy of the ith eigen function ®,. The excitation probability to

the jth excited state P, is defined by

RJZKCDJ‘\PU:“»Z’ 3)
where ¥(r=o0) is obtained by solving the Schrodinger equation given by
i%‘P(t)=H(t)‘P(t) )

This equation is solved either by the direct numerical method or the Fourier-Floquet
expansion method. In our formulation, the time dependent wavefunction¥ () is expanded
by time independent basis functions, namely,

Y(1)= Zc(t)l//j, 5)
where c¢(r) 1is the time dependent éxpansion coefficient, and y; is the basis function. We
have utilized bound state wavefunctions for the basis functions. In order to discuss the
effect of continuum states, we utilize the Sturmian basis function, which satisfies the

potential weighted Schrodinger equation,

{—%A—é’jV(r)—g}l//j ~0. (6)

Here V(r) z% 1s the Coulomb potential. It should be noted that & 1s not an eigenvalue of
eq.(6), but an arbitrary given parameter to determine the nature of the basis set. Eivenvalue
problem (6) is solved for a given & to obtain the eigenvalue ¢, and the associated

eigenfunction y,. Since ¢; may be interpreted as the electric charge of nucleus, our basis

set consists of Coulombic wavefunctions with various different nuclear charges. It should

10



be noted that the eigenfunctions y; do not satisfy the orthonormality relations, namely

Wilvi)=s, 4. Q)
but satisfy the potential weighted orthonormality relation given by,
Wiy @lw) =4 )

It is proven that the Sturmian basis set is a complete set, which can describe not only the
bound states but also the continuum states. Substituting eq.(4) into the time dependent

Schrodinger equation, we obtain

e ()= H,+5,] ¢, (1), ©)

J
where H is the Hamiltonian matrix element given by

H 5 (1) =y, |H (1)]w;). (19)
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Results and Discussion

Effect of continuum and parity dependence of the slope

In this project, we first discuss the dynamics of a hydrogen atom induced by intense
femto-second laser field. By utilizing the Sturmian basis function, we can discuss the
ionization probabilities and effect of continuum states in the excitation probabilities. Fig.1
shows the total ionization and the total excitation probabilities of Hydrogen as the
functions of laser intensity (10 ~10™"* W/cm*). Here “total” means that the
ionization/excitation probabilities are summed up over the final states. Both the total
ionization and the total excitation probabilities show power dependences with the power 9
and 10, respectively, which tendency agrees with ionization probabilities obtained by KFR

theory and with excitation probabilities obtained by ignoring the continuum states.
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If we plot the state specified excitation probability (, which is the excitation
probability into each excited state) as function of laser intensity, we found two powers
(namely, 9 or 10) depending on the final states. The state dependence of the power is

summarized in Table.1. As is seen from the table, odd (even) angular momentum states

12



have slope of 10 (9). This parity dependence of the power implies the mechanism of
intense field excitation as follows: Since the highly excited states are energetically closely
lying, rapid Raman type transitions between highly excited states are induced by intense
lasers. We have found that ionization shows the same parity dependence as well. Thus we
concluded that continuum and bound states are also strongly coupled by Raman transition,
and this is the reason why SES are stable under intense laser field. We are now analyzing
this parity dependence and Raman transition by using the Floquet theory in order to

discuss the details.
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Tablel. Slope of Excitation Probability

Strong enhancement of excitation probability by double pulse scheme

Recently Chin’s group performed new pump-probe type experiment with intense
800nm pulse and weak 400nm pulse. Their results are summarized in Fig.2. They
observed the enhancement of fluorescence signal when two laser pulses overlap. One
interesting feature in this result may be that there is no fluorescence signal if only 400nm

pulse is applied, but the 400nm pulse enhances the fluorescence significantly if it is

13



irradiated together with the 800nm pulse.
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Fig.2 Experimental Results by Xu et. Al.

We have made a numerical simulation on this enhancement process with using
only bound basis functions. The results are shown in Fig.3. As we see from Fig.3, a similar
enhancement is reproduced by our simulation. In order to analyze the mechanism of this
enhancement, we made a series of simulations with various intensities of 400nm pulse.
The results are shown in Fig.4. In the low energy region (7 <10° W/cm*) the enhancement
is proportional to the intensity, while in the higher energy region (7 >10" W/cm?), it is
proportional to 7*. From these numerical results, we proposed the mechanism of the
enhancement as follows: By the 800 nm pulse highly excited states are strongly coupled
forming Floquet states. In the case of only 800nm pulse irradiated, the transition from the
ground state to the Floquet state is also induced by the absorption of the same 800nm

photon. Since the 400nm pulse is not so intense to create Floquet states, the additional

14



400nm pulse can only induce the transition from the ground state to the Floquet states
created by the intense 800nm pulse. This is the reason why the power dependence shown
in Fig. 4 is linear of quadratic. We are now writing the manuscript on this enhancement
phenomenon for publication.

This enhancement mechanism can also be applied to high harmonic generation processes.

Now I am carrying out numerical simulations to prove it.
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Dissociation of methane in electronically excited states in intense laser fields.

So far, we have discussed only the excitation processes of molecule. They observe
in experiments, however, the fluorescence from fragments, and we have to discuss the
dissociation process to fully explain the experimental results. For this purpose, we
calculated instantaneous (laser field-dependent) potential energy curves leading to neutral
fragmentations of methane at several points of laser intensities of 1.4x10” to
1.2x10" W/ecm® (1.0x10" to 3.0x10" V/m) by using ab initio molecular orbital (MO)
methods. Two fragmentation paths, CH, + 2H andCH, +H,, in 'T, SES that are located in
energy ranges of 12~16 eV were considered as the reaction paths since these states are
responsible for Jahn-Teller to open up reaction paths during ultrashort pulses. As field
intensity increased, the low-lying excited 'A, states originated from the Jahn-Teller 'T,
states were substantially stabilized along the neutral fragment path along the dissociation
CH, - CH, +2H and were located below the ionization threshold. On the other hand, the
low-lying excited lBl states, which are also originated from the Jahn-Teller 1T2 states,
were embedded on the ionized state along the dissociation path to CH,+H,. This
indicates that ionic fragments, rather than neutral ones, are produced along the CH,+H,
path. The different laser intensity dependence between the two paths can be explained in
terms of the polarizability dependence: the polarizability along the CH, — CH, +2H path
increases, which brings about the stabilization, while the polarizability along the CH, +H,
path does not. The computational results support neutral fragmentations via superexcited
states proposed by Kong et al.. We have submitted a paper on this to Journal of Physical
Chemistry A.
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