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Chapter 1

General Introduction

The research field of the unimolecular reaction has expanded largely by the recent
development of the laser technology. The major issues for researchers in this field are
to understand the chemical reaction dynamics and to control the chemical reaction
quantum-mechanically.

From the extensive theoretical and experimental investigation for molecular states
which have discrete or quasi-discrete eigenvalues, a variety of the characteristic
dynamics of highly excited molecules such as intramolecular vibrational energy
redistribution (IVR), predissociation dynamics have been clarified. A number of non-
linear spectroscopic techniques in the visible (VIS) and ultraviolet (UV) wavelength
region have significantly enlarged the research areas.'?

On the other hand, quantum-controls of unimolecular reaction by the coherence of
the laser are proposed such as a pump-dump scheme where the wavepacket is controlled
via optical transitions between the electronic states by short laser pulses™ and a phase-
control scheme where the interference between the continuum wavefunctions leading to
different reaction channels are controlled by the relative phase between two optical
transition pathways.” However, until now, these control schemes could not always be

applicable to every molecules. Indeed, IVR processes, which are dependent on the
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molecular potential energy surface (PES), are major obstacles for controlling chemical
reaction dynamics.

A major theme of this thesis is to understand laser-induced ultrafast molecular
processes on a “state-to-state” level. First, the energy region of molecular states was
raised to the vacuum ultraviolet (VUV) region, where most of ultrafast dissociative
states are located. An ultrafast photodissociation process occurring on the same time
scale as a vibrational period is an important research subject for understanding
fundamentals of the intramolecular energy partitioning mechanism which governs
reaction dynamics.’

Then, the intensity of the laser was increased over the perturbative regime. When
magnitude of laser fields become comparable to the Coulomb fields within a molecule,
such photon fields can not be treated in a perturbative manner and must be included into
the Hamiltonian as one of the main interaction terms. In such intense laser fields,
PES’s of a molecule are distorted and a new class of PES’s is formed.”*

In Section I, an overview of ultrafast photodissociation is described, and in Section
I1, a characteristic aspect of molecular dynamics on the PES deformed by intense laser

fields is briefly summarized.

I. Ultrafast photodissociation dynamics

The continuum states via which ultrafast dissociation occurs need to be treated in a
different way from the discrete states. In this section, in order to give an insight into
the dissociation dynamics, dissociation of triatomic molecules is treated. In most case,
the Jacobi coordinate system drawn in Fig. 1 is adopted to treat the dissociation of

triatomic molecules, ABC — A + BC.
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First, the dynamics in which only two coordinates are taken into account, i.e. the
dissociative coordinate, R, and the vibrational coordinate, r, will be described. It has
been known that an absorption spectrum of dissociating molecules showing broadened
peaks contains information of the dissociation dynamics near the Franck-Condon (FC)

region.”"

In such cases, an absorption spectrum in the energy domain can be
transformed into an autocorrelation function in the time domain by the Fourier
transformation. On the basis of the autocorrelation function exhibiting recurrences, the
dissociation dynamics on a dissociative PES have been discussed in terms of motion of
the wavepacket. For example, the dissociative nuclear motion on the dissociative PES
of the X-NO type molecules was theoretically studied as described in Fig. 2.*"
However, the absorption spectrum can provide only limited information of the
dynamics in the FC region. In order to understand the entire dissociation process, it is
necessary to investigate the dynamics after the wavepacket leaves the FC region leading

to the fragments.

In the two dimensional case, the molecular Hamiltonian can be expressed as

HR D) == T “ona e TR, M

where the reduced masses, M and p are defined as

M = m, (m, +mc) __Imgmg

m, +mg +mg _(mB+mC)'

Therefore, the time-independent Schrédinger equation is represented as
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h: 9°  hmt 8°
VR, -E| Y(R,1,E)=0 . 2
2M dR?* 2uar? (®1) ( ) @

In order to relate the resonant quasi-bound vibration near the Franck-Condon
region to the vibration of the diatomic fragment, the vibrational adiabatic basis is useful.
The wavefunction, W(R, r, E), on the dissociative PES can be expanded with the
adiabatic vibrational wavefunctions, @, (r;R), and the dissociative wavefunctions,

%(R,E,n) as

Y(R,1,E) = E\If(R, r,E,n) = E 2 2, (R,E,n)g, (r;R), ?3)

where W(R,1,E,n) is the continuum wavefunction leading to a diatomic fragment with
the vibrational quantum number, n. The adiabatic vibrational wavefunction, @,(r;R),
which parametrically depends on the dissociation coordinate, R, fulfills the following
equation,

nt o9’

__2_uar2+V(R,r)—En(R) @, (t;R)=0, “4)

where ¢,(R) stands for a vibrationally adiabatic potential energy curve. In the limit of
R — 0, ¢ (r;R) and ¢,(R) become the vibrational wavefunction and eigenvalue of the
free diatomic fragment, BC, respectively.

From the orthogonal condition of the adiabatic vibrational basis set, @ (r;R), the

Schrodinger equation represented by eq. (2) can be reduced to coupled equations,
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ddliz +kn‘(R)2 _l']n'n‘(R):1 Xn’(R’E7 n)
= z -Un‘n"(R) + Qn'n"(R)d_dR— Xn"(R’ E’ n) ’ (5)
where
k,(R)= { 2M [E~¢,(R) ] /1 *}'" (6)

and the coupling matrix elements for the dissociative kinetic energy operator are

defined as

U,w(R)=- <<77 . (r;R)l 5%2— @ (15 R)> (7)

and
d
Qn‘n“ (R) == 2’<(p n‘(r; R)’ 'a—-R_ }(pn“(r; R)> ‘ (8)
The diagonal elements of Q,.,. are exactly zero from the orthogonal condition, i.e.

J 1 4
<cp (5 R)‘ = lcp (r; R)> = 55(@ +GR)|p, (15R)) =0. ©9)

If the motion expressed with the coordinate, r, is much faster than the dissociative
motion, the adiabatic vibrational wavefunctions, @,(r;R), would not be influenced by the
change in the dissociation coordinate, R. Therefore, the coupling matrix elements of

the dissociative kinetic energy operator become small and the vibrational adiabaticity is
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preserved. Although the dissociative excited states of the X-NO type molecules in the
VIS and UV region are described relatively well by the vibrational adiabatic picture, it
has not been understood how the adiabaticity is kept or broken in general.

In the Jacobi coordinate system, the rotational coordinate, y, can be regarded as the
rotational angle of the free diatomic rotor in the limit of R = ©O, while it represents
the bending coordinate of the parent molecule around the FC region. In the rigid rotor
approximation, the vibrational coordinate, r, is fixed and the Hamiltonian can be

represented as

=)

19 L J
— R+ + +V(R,7), 10
2M R 3 R? 2MR?  2ur? R.7) (10)

H(R,7)=-

where L and j are the translational orbital angular momentum and the rotational angular
momentum of the diatomic fragment. Under the jet-cooled condition, it can be
approximated that the total angular momentum, J, of the sample molecule is equal to
zero. For simplicity, J = 0 is assumed. If J =0, L = -j is fulfilled from J= L +
and the dissociation occurs on a fixed molecular plane to which L and j are

perpendicular. Therefore, the Schrodinger equation is described as

h* 1 92 1 1
- — R + + i +V (R, N | YR, 7,E)=EV(R, 7 .E),
[ 2M R 9 R? (2MR2 2ur2)1 ( )} ( ) ( )

(11)
where the wavefunction, ¥(R, 7 ,E), at the eigenenergy, E, can be expanded as

1

V(R, 7,E) = E\P(R, 7,E, j) = EE 2 4 (RE, §) Y, (7, ¥=0). (12)
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In eq. (12), W(R,7.E,j) is a continuum wavefunction leading to the diatomic

fragment with the rotational quantum number, j, and Yo (7, 1)) is the spherical

harmonics representing the rotation of the diatomic fragment. If the quantization axis
of j lies on the molecular plane, the projection quantum number, Q, and the azimuth

angle, ¥, are fixed to be Q = 0 and ¥ = 0, respectively. From the expansion of

V(R, 7 :E, j) in eq. (12) and the orthogonality of Y, (7, %), the Schrodinger equation

of eq. (11) can be represented by the coupled equations,

d* 2 J'(G'+1 . 2M .
e ’} % RE D=2 SV R % RE, ), (13)
J
where k;. is represented as
ke =[2M{E-B,j(j+1) }/n*]" (14)

using the rotational constant of the diatomic fragment, B, , and the coupling matrix

element, V..., is described as

pino

V.. = <Y,"()\ VR, 7) \Yj“()>

1)
2n T . . (15)
= fdd) d7rsinTY[,(7,0) VR, 7)Y, (7,0)
0

0
The two equations, eq. (12) and eq. (13), respectively represent how the bending
wavefunction on the dissociative state is expanded by the spherical harmonics of the
diatomic fragment and how the dissociation channels leading to the different rotational

state of the fragment are coupled to each other. Several models to explain the
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rotational state distribution of fragments have been proposed by taking account of the
relationship between the bending motion of the parent molecule and the rotational
motion of the fragment.’

Although the vibration and rotation of the fragments have been treated separately
in the above description, these two motions can not be separated completely from each
other. Therefore, the vibrational coordinate, r, and the rotational coordinate, vy, need to
be treated simultaneously. The three-dimensional formulation without the assumption
of J = 0 was explicitly derived by Balint-Kurti and Shapiro.”? In their treatment, the
continuum wavefunction is expanded with the vibrational and rotational eigenfunctions
of a free diatomic fragment. The dissociation channels leading to the different ro-
vibrational states are coupled to each other via the coupling matrix including the
potential term, V(R, r, y).

Experimentally, there have been difficulties in accessing to dissociative continuum
states because such dissociative states is in most case located in the vacuum ultraviolet
(VUV) wavelength region. In addition, another VUV laser light is often required to
probe the fragment atom or diatomic molecules by the laser spectroscopic method such
as laser induced fluorescence and resonantly enhanced multiphoton ionization.
Therefore, in most of the studies in the VUV region, absorption and fluorescence cross-
sections of parent molecules have been measured or product state distributions of
fragments produced by the photolysis at a fixed wavelength such as 193 nm and 157 nm
have been measured.

A lot of investigations have been performed using a VUV excimer laser with the
fixed wavelengths as a photolysis light source and a tunable VUV laser as a probe laser

to probe product state distributions of the fragments. At the excitation energy
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corresponding to the fixed wavelengths of the excimer lasers, molecules do not always
have its state that carries strong quasi-bound characters. However, almost no
experimental effort has been made for any VUV wavelength range other than those
fixed wavelengths because it requires laborious technique to generate the tunable VUV
laser light. It is obvious that a “state-to-state” study is essential to know how the
dissociation channels are coupled to each other and how the resonant state in the FC
region is connected to the product states.

In this thesis, the ultrafast photodissociation of OCS(2'Z") is investigated. The
2'Z* state of OCS is known to exhibit the characteristic vibrational resonances in its
absorption and excitation spectra, and to be well isolated from other electronic states.'>
" Furthermore, the non-adiabatic coupling to other electronic states is considered to
be very weak because the dissociation via the 2'Z* state exclusively produces CO(X'Z*)
and S('S), which are correlated to the electronic configuration of the 2'S* state.
Therefore, the 2'Z" state of OCS provides an ideal opportunity to investigate an ultrafast
dissociation dynamics.

In Chapter 2, using two sets of tunable VUV laser generated by the four wave
mixing technique OCS is excited to the respective resonant levels in the 2'S* state
located in the VUV region and electronic, vibrational, and rotational state distribution of
the fragments are proposed.  As a result of this pump-probe investigation, the existence
of the complex mixing among the dissociation channels is identified. In Chapter 3, the
excitation spectrum was measured by the two-photon excitation scheme in the entire
energy region of the 2'X*-1'S* band, and the dissociation dynamics around the FC

region were investigated on the basis of the weak resonance feature identified in the

spectrum.
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Il. Molecular dynamics in intense laser fields

By using the short pulsed laser generated by the chirped-pulse amplification,
electric laser fields as intense as the Coulomb fields within a molecules can be
generated. Recently, a research field of molecular science is being widen by such
intense lasers.” In intense laser fields, dynamics of molecules can not be treated in a
perturbative manner. Nuclear motion of molecules in intense laser fields has often
been described by the dressed-state picture'® in which the PES of a n-photon dressed
state is energetically shifted down-word by the energy corresponding with n photons.
The crossings among the PES’s having the same symmetry, are avoided as the laser
fields intensity increases. In the case of H,",”*'"" which is the simplest molecule
having only one electron, the nuclear dynamics has been explained clearly by taking
account of only the lowest two potential energy curves of the 1sg, and 2po, states.  As
a result of the coupling among the potential curves in intense laser fields, new light-
dressed potential curves are formed leading to the bond softening'’ and the vibrational
trapping,™ as drawn in Fig. 3.

Light-deformed PES could be utilized for controlling chemical reaction by light
fields. Recently, it was reported that the light-induced potential curve of H," was
manipulated by chirping the intensity of a laser pulse.”

It was recently found that the structure of triatomic molecules such as H,0,*%
CO,,”** and NO,,” in intense laser fields are deformed within a temporal duration of a
femtosecond laser pulse; i.e. molecular skeletal geometry changes from linear to bent,
or vice versa. Such geometrical deformation has been attributed to the light-induced
PES’s caused by coupling between the PES with linear geometry and that with bent

geometry, as shown in Fig. 4.

10



Chapter 1 General Introduction

However, for polyatomic molecules with many electrons, their dynamics in intense
laser fields is very complex because a number of electronic states could be involved and
more than one nuclear degree of freedom need to be taken into accounts. Furthermore,
molecules could be ionized into a multiply ionized state. Therefore, it would be
difficult to identify specific electronic states of a certain charge state among a large
number of candidates, which are most responsible for forming the dressed PES’s
governing the nuclear dynamics.

In the previous experiments, in most case neutral molecules are exposed to intense
laser pulses, and the fragment atomic ions produced through the Coulomb explosion of
the multiply charged parent molecules are detected. Therefore, the information of the
intermediate processes between the initial neutral and the final multiply charged ions
just before the Coulomb explosion could not be obtained directly.

In Chapter 4, in order to specify the electronic states forming the fate-determining
dressed PES, a tandem type time-of-flight mass spectrometer was introduced for the
preparation of the molecular ions having a selected charge number. By the selection of
the ion charge in the first time-of-flight stage, the number of candidates responsible for
the dynamics in intense laser fields could be reduced significantly. On the basis of the
experiments for both the neutral and singly charged benzene molecules, it is found that
the two specific electronic states in benzene cation are strongly coupled in intense laser
fields when the laser wavelength is 400 nm, and are responsible for the fragmentation

dynamics.

11
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Figure Captions

Fig. 1. The definition of the Jacobi coordinate for the dissociation, ABC — A + BC.
R is the distance between the atomic fragment, A, and the center of mass of the
diatomic fragment, BC, r is the nuclear distance of the diatomic fragment, BC, and vy is
the angle of the rotation of the diatomic fragment, BC. The points, S and s are the
centers of mass of the parent molecule, ABC, and the diatomic fragment, BC,

respectively.

Fig. 2. The relationship among the absorption spectra (a), the autocorrelation functions
(b), and the ab initio PES’s (¢) in the case of the X-NO (X = F, Cl, and CH;) type

molecules (Ref. 11). The dots in the PES’s indicate the Franck-Condon point.

Fig. 3. The light-dressed potential energy curves for the 1so, and 2po, states of H,*
(Ref. 8). The “n” stands for the number of coupled photons. The potential curves
originating from the 1so, and 2po, are represented by “g” and “u”, respectively. The

total symmetry of the potential curves coupled with photons is gerade for all curves in

this figure.

Fig. 4. A schematic light-induced potential energy curves of a triatomic molecule

along the bending coordinate. A light-dressed state is represented by | a, nAv> a5 a

mixture of the field free molecular state, | a> and the n-photon field.
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Fig. 1
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Chapter 2

Resonance-state selective photodissociation of OCS (2'=*):

Rotational and vibrational distributions of CO fragments

Abstract

The rotational and vibrational state distributions of the CO fragments produced
through the photodissociation of OCS in the vacuum ultraviolet (VUV) region (150 -
155 nm), OCS (2'E*) — CO (X'Z*) + S ('S), are derived for the three lowest quasi-
bound vibrational resonances (v¥ = 0 — 2) in the 2'S* state. The rotational state
distributions of the CO fragments in the v, = 0 and 1 vibrational states are determined
respectively by the analysis of the rotational structures in the laser-induced fluorescence
(LIF) spectra of the A'TI-X'E* (0, 0) and (1, 1) transitions of CO. The rotational
temperatures of CO in the v, = 0 state are low (~ 100 K) for all the three resonances,
while those in the v, = 1 state are substantially higher, i.e., 2210, 940, and 810K for v*
=0, 1, and 2, respectively. The vibrational state distributions of CO are derived from
the Doppler spectroscopy of the counterpart S ('S) fragments. From the analysis of the
observed Doppler profiles, it is found for all the three lowest vibrational resonances of
OCS that the vibrational distributions are represented well by the Boltzmann-type
distribution with a vibrational temperature of around 7000 K. On the basis of these
new findings, the energy partitioning in the photodissociation process through these

three vibrational resonances in the 2'X* state is discussed.
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l. Introduction

When molecules are irradiated by light in the vacuum ultraviolet (VUV)
wavelength region, they undergo photodissociation in most cases. In the case of
polyatomic molecules, which have more than or equal to three degrees of vibrational
freedom, the nuclear motion along the direction perpendicular to the dissociation
coordinate are often bound. Therefore, even in the direct dissociation, they could form
quasi-bound vibrational resonances appearing as structured profiles with broadened
peaks in an absorption spectrum, from which the nuclear motion near the Franck-
Condon (FC) region could be extracted."”> However, until recently, little efforts have
been made to interpret such rich spectral features of polyatomic molecules in the VUV
region. This may be partly due to the overlap of the transitions from the rotationally
and vibrationally excited states, which broadens and blurs originally characteristic
spectral structures.

In our recent studies,”” the photodissociation process of OCS, OCS (2'=*) — CO
(X 'Z") + S ('S), in the 140-160 nm wavelength region was studied by measuring the
excitation spectrum called the photofragment excitation (PHOFEX) spectrum under jet-
cooled conditions by monitoring the S ('S) fragments employing a tunable VUV light
generated by the four-wave difference frequency mixing technique. As shown in Fig.1,
the PHOFEX spectra of the entire region of the 2'E*- 1'S* band of OCS exhibited five
main peaks. These peaks were assigned to the transitions to the resonant vibrational
states with respective quantum numbers, v* = 0 - 4, representing the quasi-bound
vibrational motion near the FC region on the potential energy surface (PES) of the 2'=*
state which is mostly repulsive along the dissociation coordinate. This quasi-bound

vibration was interpreted as the in-phase CO and CS stretching mode perpendicular to
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the dissociation coordinate. On the basis of the PHOFEX spectrum exhibiting
characteristic asymmetrical peak profiles with different peak widths, the ultrafast
nuclear motion on the 2'=* PES near its FC region was discussed.

Even though we were able to understand the ultrafast nuclear dynamics near the
FC region from the absorption features, there still remains a question how the energy
imposed on molecules by the photoabsorption is partitioned into the fragments in the
dissociation process. When considering that the five main peaks, which form the
progression of the vibrational resonances, exhibit different characteristic asymmetric
profiles, it would be interesting to investigate how the energy flow is influenced by the
character of the initially prepared resonant states.

In order to understand the energy partitioning dynamics, it becomes necessary to
probe the rotational and vibrational distributions of the CO fragments. Since the first
dipole-allowed excited state, A'TI, of CO is located in the energy range of ~ 65000 cm™,
we need to introduce another tunable VUV light source to probe the fragments while
tuning the first VUV light source to selectively excite the vibrational resonance peaks in
the 2'E* - 1'S* transition of OCS.

In the present study, we probe the rotational distribution of the CO fragments by
measuring the laser-induced fluorescence (LIF) spectrum of the A'TI - X'Z* bands of
CO using the second tunable VUV light source, and probe the S ('S) fragments by
tuning the UV light near the *D° — 'S transition of the sulfur atoms to derive the
vibrational distribution of the CO fragments through the measurements of the Doppler
profiles. On the basis of the product state distributions, we discuss the mechanism
which governs the later stage of the photodissociation of OCS after it leaves the FC

region of the 2'=* surface.
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In spite of the long history of the pump-probe type investigation of molecular
dynamics using the laser light sources, as far as we know, the present study reported for
the first time the pump-probe experiments in which two sets of tunable VUV laser light
source generated by a two-photon resonant four-wave mixing scheme are employed. It
is true that two or three photon LIF or resonantly enhanced multiphoton ionization
(REMPI) techniques could be used to probe photofragments, but a non-linearity of the
process with respect to the laser intensities as well as complex rotational-transition
selection rules for molecular fragments causing the overlapping rotational structure
tends to introduce a large ambiguity in the product state distribution of the fragments.
Therefore, the present success of the one-photon probe followed by one-photon
excitation in the VUV region is encouraging in the sense that the number of the research

targets of photodissociation spectroscopy in the VUV region could be largely increased.

Il. Experiment

The schematic diagram of the experimental setup is shown in Fig.2. A sample
gas (OCS (10%) / Ar) was expanded into a vacuum chamber from a pulsed valve (10
Hz) with the 0.8 mm orifice diameter with the stagnation pressure of 1.5 atm. When
the pulsed valve was operated, the pressure in the chamber was about 1.5X10™ Torr.
The rotational temperature of OCS in the expanded free jet was estimated to be about 6
K, which was obtained for CO contained in OCS sample (Matheson, 97.5% purity) as
the trace amount of impurity from the measurements of the VUV-LIF spectra of the
A'TI - X'Z* (0, 0) transitions.

A tunable VUV laser light was generated by the two-photon resonant four-wave

difference frequency mixing in the Xe gas.® For the VUV light for the photolysis of
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OCS, the output beams of the two dye lasers (Lambda Physik FL.3002) simultaneously
pumped by a XeCl excimer laser (Lambda Physik LPX 205i) were used. The
frequency doubled output (w,) of one dye laser was tuned to the two-photon resonant
frequency of the Xe 6p[1/2], (80119.474 cm™), and then, the output of the other dye
laser (w,: 13700 — 15385 cm™') was tuned to generate the VUV frequencies (2w,—w,)
corresponding to the three lowest resonant peaks (v* = 0 — 2) in the PHOFEX spectrum
of the 2'=* - 1'S* band of OCS in Fig. 1, appearing at 64745, 65595, and 66380 cm™.’
The two light beams with the frequencies of w, and w, were overlapped co-axially by a
dichroic mirror and focused into a stainless steel cell containing the Xe gas (15 - 30
Torr) by a achromatic lens (f = 300 mm). The VUYV laser light generated in the Xe cell
was collimated or mildly focused by an LiF lens (f = 120 mm) and separated from the
o, and m, light beams by an LiF prism placed in the separator chamber connected to the
Xe cell. Then, only the generated VUV light beam was introduced into the main
chamber and it crossed the free jet of the sample gas 12 mm downstream from the
nozzle orifice at an angle of 45 degrees.

In order to probe the vibrational and rotational states of the CO fragments, another
tunable VUV laser light was generated by using a dye laser (Lambda Physik Scanmate)
and a OPO laser (Lambda Physik Scanmate OPPO) simultaneously pumped by third
harmonics of the Nd:YAG laser with the injection seeding (Coherent Infinity 40-100).
The same 2mw,—w, scheme was adopted to generate the second VUV laser to probe the
CO fragments as in the generation of the photolysis VUV laser light. The bandwidth
of the VUV laser light for both the photolysis and the probe was 0.45 cm™ in FWHM.

The probe VUV laser light was introduced into the chamber so that it hits the

crossing point of the molecular beam and the photolysis VUV laser beam at an angle of
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45 degrees with the molecular beam and at right angles with the photolysis VUV laser
beam. The direction of the polarization of the photolysis VUV laser beam was set to
be parallel with that of the probe VUV laser beams. The fluorescence was monitored
by a solar-blind photomultiplier (Hamamatsu R1259) placed beneath the triple crossing
point through a light-collection optics composed of a pair of LiF lenses (f = 30 mm).
By scanning the wavelength of the probe VUV laser, the LIF spectra of the A'TI - X'Z*
(0, 0) (64640 — 64800 cm™) and (1, 1) (63900 — 64150 cm™) bands of CO were
measured.

In order to probe the S ('S) fragments produced from the photolysis of OCS by the
VUV light, the output of the dye laser (Lambda Physik Scanmate) pumped by third
harmonics of a Nd:YAG laser with injection seeding (Coherent Infinity 40-100) was
frequency doubled in a BBO crystal, and tuned around the frequency of the *D° — 'S
transition (45636 cm™) of the S atoms. The probe UV laser beam was introduced into
the main chamber so that it crosses with the photolysis VUV laser beam and the free jet
in the same manner as the probe VUV laser for monitoring the CO fragments.

By monitoring the atomic fluorescence at 148 nm emitted from the *D° state to the
*P state of the S atoms, the frequency of the probe laser was scanned to measure the
Doppler profile of the S ('S) fragments. The intracavity etalon was used for the probe
laser to make the bandwidth (FWHM) as narrow as 0.08 cm”. In order to set the
polarization of the photolysis VUV laser to be parallel with the direction of the
propagation of the probe UV laser, the direction of the polarization of the w, light was
rotated by 90 degrees by using a pair of Fresnel thombs. For achieving the high purity
of the linear polarization of the VUV light, the light beam with the frequency of w, was

transmitted though a Glan-laser polarizer after it passes through the pair of Fresnel
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rhombs.

For the purification of the OCS sample to eliminate impurities of CO, several
freeze-pump-thaw cycles were performed at the liquid N, temperature. After the
purification it was confirmed that the LIF signal of the impurity CO did not appear with
detectable intensities except the transition from the j < 3 rotational levels of the v, = 0
State.

The probe laser beam was introduced with a certain delay after the photolysis laser
radiation to reduce the contribution from the scattered light of the photolysis laser
and/or the fluorescence from the impurity CO excited by the photolysis laser. The
delay time was about 30 ns when monitoring S ('S) and about 160 ns when monitoring
CO (X'zY).

The intensities of the respective photolysis and probe VUV laser beams were
monitored after they passed through the molecular beam by being reflected by a quartz
plate and guided to a solar-blind photomultiplier (Hamamatsu R1259) placed in the
housing connected to the vacuum chamber. The probe UV laser intensity was
monitored by detecting the weak reflex from a surface of a prism or a window by using
a photodiode (Hamamatsu S1336-5BQ) before the UV laser was introduced into the
vacuum chamber. The normalization of the fluorescence intensity from the fragments

was performed by the monitored photolysis and probe laser intensities.

Ill. Results and Discussion
A. Rotational state distribution of CO (X'Z*; v, = 0, 1)
1. Determination of Rotational state distribution

After OCS was selectively excited to the quasi-bound resonances at 64745 cm™ (v*
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= 0), 65595 cm™ (v* = 1), and 66380 cm™ (v* = 2), the LIF spectra of the A'TI - X'Z* (0,
0) and (1, 1) transitions of the CO fragments were measured. The observed LIF
spectra exhibiting well-resolved rotational structure are shown in Figs.3 (a) and (b).
On the basis of the rotational assignments, the rotational-state distributions of the CO
fragment in the v, = 0 and 1 states were derived using the unperturbed rotational lines
by dividing the observed rotational transition intensities by the corresponding Honl-
London factors. The derived rotational state distributions of the v, = 0 and 1 states of
the CO fragments produced through the three lowest resonances of OCS are plotted in
Fig.4. It should be noted in Figs.4 (a)-(f) that the populations derived from the Q
branch transitions were always smaller than those derived from the P and R branch
transitions. As explained below, these discrepancies are ascribed to the alignment
effect of the CO fragments induced by the polarized photolysis laser light, i.e., the
angular momentum vector of the CO fragment is formed preferentially in the direction
perpendicular to the polarization vector of the photolysis light.”*?

The lifetimes of OCS in the lowest three quasi-bound vibrational resonances of
2'Z*, were determined to be 133 fs (v* = 0), 44 fs (v* = 1), and 27 fs (v* = 2) in our
previous study.” These three values are all much shorter than a rotational period of
OCS, and therefore, the CO photofragments could not recoil isotropically with respect
to the polarization direction of the photolysis laser light within such an ultra-short time
duration. In such an ultrafast dissociation process, a phenomenon originating from the
correlation among (i) the polarization vector of the photolysis light, (ii) the recoil vector,
and (iii) the angular momentum of the fragment can be observed.

From the conservation of the angular momentum, the total angular momentum of

OCS, J, before the dissociation is equal to the sum of the angular momentum of the CO
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fragment, j, and the orbital angular momentum, L, of the recoiling fragments of S and
CO,i.e. J =j+ L. In our experiment, OCS is prepared under the ultracold conditions
at the very low rotational temperature, the magnitude of the total angular momentum, J,
is considered to be very small and could be assumed to be zero, i.e. J = 0, for
simplification. When J = 0, the recoil vector, v, is constrained to be on the molecular
plane defined by the three atoms and fixed in space during the dissociation process and
both j and L (= —j) become perpendicular to the plane in the high j = [j| limit. Since
the 2'T* - 1'T" transition is a parallel transition, the transition moment, pocs, is located
in the molecular plane. Therefore, the correlations among the aforementioned vectors
are represented as v L j and poes L j-

In the high j limit, the transition moment of CO, pco, for the A'II - X'Z* transition
is considered to be parallel to j for the Q branch transition and perpendicular to j for the
P and R branches. In our experimental condition, the direction of the polarization of
the photolysis laser light was parallel to the direction of the polarization of the probe
light for the CO fragments. Therefore, the LIF intensities in the P and R branch
transitions of the CO fragments should be enhanced compared with those in the Q
branch transitions due to the anisotropic angular momentum distribution of CO.

By taking account of the pycs-v-j vector correlations and the detection geometrical

factor,”!!

the Doppler line profiles for the respective P, Q, and R branch transitions were

calculated in a semi-classical manner described by Dixon.” In the calculation, the

recoil anisotropy parameter was assumed to be 3 = 1.8 for all the rotational states of the

CO fragments, which was previously derived for the photodissociation of OCS at 157
13

nm.~ After convoluting the calculated Doppler profiles by a Gaussian function with

the probe laser bandwidth (FWHM ~ 0.45 cm’), the rotational spectrum was
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synthesized, which can be compared with the observed rotational spectrum. Then, by
dividing the observed peak intensities in the LIF spectrum by the simulated rotational
transition intensities of the corresponding peaks, the corrected rotational state
distributions of the CO fragments were obtained as shown in Fig.5. The extent of the
discrepancies in Fig.4 between the rotational distributions obtained from the P and R
branch transitions and those obtained from the Q branch transitions decreases
considerably in Fig.4 especially in the high j region of the v, = 1 channels. However,
even after the correction, there still remain some discrepancies, and the populations
derived from the Q branch transitions tend to become larger than those derived from the
P and R branch transitions. This tendency is most clearly seen in the low j region of
the v, = 0 channel. Although the value of § was changed in the simulation to reduce
the discrepancies in the low j region, these were not improved in any value of .

The discrepancies between the populations obtained from the Q branch and those
from the P and R branches could be attributed to (i) the assumption of J = 0 and (ii) the
semi-classical approximation. Even under the jet-cooled condition (T,, = 6 K), the
population of OCS in the rotational ground state with J = 0 is only ~ 5 %.
Consequently, the vector correlations of v L j and pocs - j do not always hold.'
When the angular momentum of the CO fragment, j, is much larger than J, the semi-
classical approximation becomes appropriate and the deviations from the vector
correlations tend to be small. However, in the low j region, it would not be appropriate
any more, and this is the reason why the discrepancies between the populations obtained
from the Q branch and those from the P and R branches are larger in the low j manifold
as shown in Fig.4 even after the correction considering the vector correlations.

On the other hand, as long as we concentrate on the distributions derived from
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either the Q branch or the P and R branches, the effect originating from the correction
considering the vector correlations was found to be negligibly small. Because the
number of rotational states whose populations were determined from the P and R
branches were much larger than those from Q branch lines, the P and R branch
transitions were adopted to derived the rotational distributions, which were obtained
simply by dividing the rotational transition intensities by the Honl-London factors.

By assuming that the rotational distribution of the CO fragment, C(j), as that

expressed by the Boltzmann distribution,

CG) = Gy (2j+1) exp(-Epoi / kTt ) » (1)

with a proportional constant C, independent of j, the rotational distributions for the v,
= 0 and 1 channels for the v* = 0 — 2 resonances obtained from the P and R branch
transitions were fitted by the least-squares method to derived the rotational temperatures
of the CO fragments. The determined rotational temperatures are listed in Table I.

For the photodissociation via v* (= 0 — 2), the rotational temperatures of the CO
fragments in v, = 0 are all very low, i.e. T,,, ~ 100 K, while those in v, = 1 are much
higher than in v, = 0, i.e. T,,, = 2210 K, 940 K and 810 K for v* = 0, 1, and 2

respectively and exhibit a tendency to become lower as v* increases.

2. Comparison with model distributions
Prior distribution

We will compare the observed rotational distributions with prior distributions, in
which the CO fragments are populated with probabilities proportional to a square root

of the translational energy in all the energetically allowed ro-vibrational states.'** If
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the total angular momentum J of a parent triatomic molecule is approximated to be zero
in its dissociation process, the angular momentum of the diatomic fragment, j, is
perpendicular to the direction of the recoil, and the projection of j onto the recoil
direction, m,, becomes zero. Therefore, when calculating a prior distribution function,
Py(Vco, j), of the CO fragment in a single vibrational and rotational state (v, j), the
(2j+1) degeneracy of the rotational state should not be taken into account, '* and it is

represented by a square root of the translational energy as

P() (VCO’ .]) oc ( Eavuil - Ev - Er )1/2 (2)

with

E,.i = Ey - Dy — Eg, (3)

where E,, is the energy of the photolysis light, D, the dissociation energy of OC-S in the
electronic ground state, Eg the electronic energy of the 'S state of the S atom measured
from the °P, state, and E, and E, the vibrational and rotational energies of the CO
fragment, respectively.

From the rotational state distribution of the CO fragments in their specific
vibrational state, P(vco, j), derived experimentally in Sec. IIl. A. 1. and the prior

distribution, Py(vce, j), the rotational surprisal, I(gg), is obtained™*"” as

P(veos])

I(gg)=-1In ,
§ Pi(Veor )

(4)

as a function of

30



Chapter 2 Resonance-state selective photodissociation of OCS

Er E r /Eavail fR

E =1--(Ev/Envuil)=1_f .

avail v v

r = )

E

The resulting plots of the rotational surprisal are shown in Fig.6 for the CO fragments in
the two lowest vibrational states (voo = 0, 1) when the three lowest vibrational
resonances (v* = 0 — 2) of the parents OCS molecules are excited. Then, the surprisal
plots were fitted by a linear function to derive a slope. In the case of the CO fragments
with v, = 0, the slopes obtained from the P-branch transitions are 119(32), 149(42),
and 147(31) for v* = 0, 1, and 2, respectively, while those obtained from the Q-branch
are 123(23), 100(7), and 145(24). Even though the slopes are associated with
relatively large uncertainties, it can be said that the plots are well described by a linear
function and that they exhibit consistently a slope of 100-150. This suggests that there
exists a common mechanism which governs the rotational distribution in the v, = 0 for
the three lowest resonances.'

In the case of the surprisal plots for v, = 1, their behavior is not so simple as that
for voo = 0. In the range below gy = 0.015, where the data for both v, = 0 and 1 are
available, the P-branch data for v* = 0 and 2 of v, = 1 exhibit an almost flat
distribution with respect to gg, while those for v* = 1 exhibit a negative slope. When it
comes to the global behavior of the plot in the entire range, 0= g, <0.15, both the P-
branch and Q-branch data for v* = 0 and 1 exhibit a shallow minimum at g; = 0.06 -
0.08 and gy = 0.02 - 0.05, respectively. For v* = 2, it would be hard to describe the
tendency due to the small data number in the plot, but the R-branch data above g; =
0.015 exhibit a clear positive slope. It is uncertain whether the v* = 2 data have a
minimum, but it can be said that the transition from the flat region to the positive slope

region occurs at gy = 0.01 — 0.02. The complex behavior of the surprisal plots
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described above for the rotational distributions of the CO fragments in the v, = 1 state
suggests that a simple dynamical constraint could not describe the rotational
distributions. It is probable that two different kinds of dynamics govern respectively

the production of the low-j and high-j CO fragments.

Rotational Franck-Condon model

When the PES of the excited state of OCS around the FC region is flat along the
bending angle and no torque is imposed on the CO fragments to drive their rotational
motion, the rotational state distribution is determined by the projection of the bending
wavefunction of OCS in the electronic ground state onto the rotational wavefunction of
the CO fragments. Within the framework of this rotational FC model, Freed and
Morse'® showed that the rotational distribution of diatomic fragments can be represented
by a Boltzmann distribution when photodissociation of a linear triatomic molecule
occurs from its J = 0 and v,y = O state. By adopting the rotational FC model, Strauss
et al.” calculated the rotational temperature, T,,, of T,, = 380 K for the CO fragments
produced through OCS (2'=*). However, the PES of the 2'=* state of OCS could have
a certain slope along the bending direction around the FC region which induces the
bending motion of OCS and eventually imposes the torque for the rotation on CO.
Whether the rotation of the CO fragment is promoted or suppressed depends on the
anisotropy of the 2'=* PES along the bending angle in the course of the dissociation.
Therefore, the deviation from the Boltzmann distribution with T,, = 380 K, derived
from the rotational FC model, could be ascribed to the anisotropy of the PES. Since
the CO fragments with v, = 0 have the rotational temperature of around 100 K for all

the three low-lying resonances of v* = 0 — 2, the CO fragments with v, = 0 are
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considered to be formed through the anisotropic PES which tends to suppress the
rotation of the fragments. On the other hand, the CO fragments with v, = 1 exhibit
much higher rotational temperatures than T, = 380 K; i.e. 2210, 940, and 810 K for v*
=0, 1, and 2 respectively. Therefore, the CO fragments with v, = 1 are considered to
be formed through the anisotropic PES which tends to promote the rotation of the
fragments though the extent of the rotational excitation is suppressed for the higher

resonance state of OCS.

3. Effect of resonances in the FC region

Previously, Strauss et al. " studied the rotational state distribution of the CO
fragments produced through the photolysis of OCS at the fixed wavelength of 157 nm.
The rotational distributions for voo = 0 — 3 were found to be well reproduced
respectively by the Boltzmann distributions with the rotational temperatures of T, =
1350, 1300, 980, and 770 K. This decreasing tendency of T, for a larger v, shows a
marked contrast with the present results obtained at the three lowest vibrational
resonances for which the substantially higher rotational temperatures (1000 — 2000 K)
are achieved for vy = 1 than for v4=0 (~100 K).

As was reported in our previous study,” a weak continuum is located at 157 nm
under the jet-cooled conditions. At the peaks of the vibrational resonances (v*=0 - 2)
there is a large contribution from the resonance component representing the nuclear
motion along the direction perpendicular to the dissociation coordinate, while at 157 nm
there is mostly the off-resonance component representing the nuclear motion along the
dissociative coordinate. Therefore, the observed difference in the v, dependence of

the rotational temperature could be attributed to the difference in the character of the
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nuclear motion near the FC region on the upper state PES.

As shown in Fig.1, the vibrational resonances in the PHOFEX spectrum of the
2'S* - 1'Z* band exhibit characteristic peak profiles; the v* = 0 resonance shows a
largely asymmetrical profile shading towards the lower energy side with a narrow peak
width, while the peak profile becomes more symmetrical and broader as v* increases to
the v* = 1 and 2 resonances. It would be natural to expect that such a character of the
resonances influences the product state distributions, because the extent of the
asymmetry as well as the peak width reflects the extent of the mixing of the continuum
and bound characters.” However, it seems that the memory of the character of the
resonance state is mostly lost in the rotational state distribution for the v, = 0 channel,
suggesting the existence of a strong exit-channel interaction between the FC region and
the asymptotic region. The loss of the memory of the resonance states is also seen in
the vibrational state distributions of CO described in the next section. On the other
hand, the extent of the rotational excitation for the v, = 1 channel is more suppressed
as v* increases from 0 to 2 (see Table I and Fig.6). It is possible that the remnants of
the character of the resonances appear in the form of the difference in the rotational

excitation for the v, = 1 channel.

B. Vibrational state distribution of CO (X'=")
1. Vibrational state distribution of CO from Doppler profiles of S ('S)

In order to derive the vibrational state distribution of the CO fragments, we
measured the Doppler profiles of the S ('S) fragments. Since a 'S state has no
electronic angular momentum, the Doppler profile reflects directly the recoil

momentum of the S ('S) fragments,”'** from which the kinetic energy distribution of
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the S ('S) fragments is obtained. Then, on the basis of the conservation of the energy
and the momentum, the internal energy distribution of the CO fragments including their
vibrational state distribution can be estimated as described below.

In the case of the 2'=* - 1'S* transition, the electronic transition moment is parallel
to the molecular axis, and the fragments are expected to eject preferentially in the
direction along the laser polarization. Therefore, in order to observe the Doppler effect
in a form of a clearer Doppler profile, the UV probe laser light to detect the S ('S)
fragments was introduced along the direction parallel with the electric vector of the
photolysis laser light so that the two laser beams cross at right angles with each other.

The observed Doppler profiles obtained by exciting the central position of the peak
for the three lowest resonant states; i.e. 64745 (v* = 0), 65595 (v* =1), and 66380 cm
(v* = 2), are shown in Figs.7 (a)-(c). All the Doppler profiles exhibit a clear dip in the
center, indicating that the released energies in the dissociation process are efficiently
transferred into the translational motion rather than into the rotational and vibrational
degrees of freedom of the CO fragments.

From the rotational analysis of the LIF spectra of the A'TI - X'S* (0, 0) and (1, 1)
bands of the CO fragments in Sec. III. A.1., the rotational state distributions of the CO
fragments in the vibrational states of v, = 0 and 1 were found‘to be approximated by
the Boltzmann distributions for the dissociation through the three low-lying resonance
states with v* = 0 — 2. Therefore, in the simulation of the Doppler profiles of the S
('S) atomic fragments, the rotational distributions for the energetically accessible
vibrational states of CO were assumed to be described by the Boltzmann distributions.
The rotational temperatures for the vibrational states except for voo = 0 and 1 were

assumed to be the same as the corresponding values for v, = 1; i.e. T, = 2210, 940,
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and 810 K, were adopted for the fragment CO (v, >1) produced through the three
lowest resonance with v* = 0, 1, and 2, respectively. The recoil anisotropy parameter
B was assumed again to be 3 = 1.8.

The Doppler profile of S ('S), obtained when OCS is excited to the lowest
vibrational resonance of v* = 0 is shown in Fig.8 (a), and the Doppler profiles
calculated assuming that the CO fragments are populated in a single vibrational state in
the range between v, = 0 and 8, are shown in Fig.8 (b). For comparison with the
observed Doppler profile, the calculated Doppler profiles for v, = 0 and 8 are also
drawn in Fig.8 (a) in dotted lines. When OCS is excited to v* = 0 and 1, the maximum
vibrational quantum number of CO which can be produced energetically is v, = 8, and
when v* = 2, the maximum becomes v, = 9. It is clearly seen in Figs.8 (a) and (b)
that the contribution from the highly excited CO must be relatively small to reproduce
the central dip in all the observed Doppler profiles for v* =0 - 2.

In the course of the simulation of the Doppler profiles, it was found that the
Boltzmann type distribution in which the vibrational population exponentially decreases
as the vibrational energy increases was found to give the best fit. After a trial-and-
error type simulation using the vibrational temperature, T,;, as one variable parameter,
the optimized vibrational temperature of T,;,, = 7000 £2000 K was obtained for all the
three resonances of v* = 0 — 2. As shown in Fig.7, the best-fit Doppler profiles
reproduced well the observed profiles. This result suggests that there exists a common
mechanism for all the three resonances which governs the vibrational population of CO
by affecting in a later stage after the FC region regardless of the different excitation

energies.
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2. Comparison with prior distributions
A prior distribution of vibrational states is obtained by the summation of Py(vco, j)

over all the rotational states which are energetically accessible as

Pu(vco)=zpn(vco’j) . (6)

In Fig.9, the best-fit Boltzmann vibrational state distribution of T, = 7000 K, P, (Vo)
to describe the observed Doppler profile is compared with the prior distribution
calculated for the v* = 0 resonant state of OCS. It can be seen in this figure that the
CO fragments tend to be populated in the lower vibrational states than in the prior
distribution. The discrepancy between the observed distribution, P, (vco), and the

prior distribution, Py(vc), is described by the vibrational surprisal, I(f,),'*"

I(f,)=- InL0eo) (7)
Py(Veo)
as a function of f, = E, / E, ,;. The surprisal plots of the CO fragments obtained for the
three lowest resonances of OCS with v* = 0 — 2 are presented in Fig.10. All the three
surprisal plots exhibits a linear slope in the range of the vibrational states of CO with
Vo = 0 — 6, to which most of the fragments are populated. By the fit to a straight line,
the slopes were determined to be 1.90(13), 2.14(12), and 2.36(13) for v* = 0, 1, and 2,
respectively. This linear behavior commonly identified for the dissociation through
the three low-lying resonances with the close values of the best-fit slopes indicates the
existence of a common mechanism which governs the vibrational energy partitioning

process."
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3. Effect of resonances in the FC region

As shown in Fig.9, the calculated vibrational distribution of CO at 7000 K which
reproduces well the observed Doppler profiles obtained via the vibrational resonances
of v* = 0 — 2, have the larger populations in the low vibrational states than the three
vibrational distributions obtained from the photodissociation at 157 nm by Strauss et
al.® Because the available energy at v* = 0 — 2 is larger than that obtained by the 157
nm photodissociation, this difference is contrary to the statistical model in which the
population in the higher vibrational states of the fragments increases as the available
energy becomes larger.

Since the photolysis at 157 nm by Strauss et al'> was performed under jet-cooled
conditions and the CO fragments formed in the cold region is considered to be sampled,
the vibrational state distribution reported in Ref.13 could be regarded as that obtained
when the off-resonant continuum is excited. It is interesting to note that the
photodissociation via the three resonances, v* = 0 — 2, afforded the lower vibrational
temperature than the photodissociation at 157 nm. It can be said that the excitation of
the vibration of the CO fragments is suppressed when the dissociation proceeds through
the resonance states of the quasi-bound vibration in the FC region, while the energy
partitioning into the fragment vibration becomes efficient when the off-resonant
continuum is excited.

The observation that the similar vibrational distributions are obtained for all the
three resonance states, v* = 0 - 2, indicates that the quasi-bound vibration in the FC
region would not affect so much the vibrational distribution of the CO fragments. This
means that the product state distribution is determined in the region between the FC

region and the asymptotic region. In other words, the memory of the vibration in the
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FC region tends to be lost when the dissociation proceeds.

In the cases of the photodissociation of FNO (S,)* * and CINO (T;, S;)*?, their
PHOFEX spectra exhibited distinct vibrational peaks and they were interpreted as the
vibrational Feshbach resonances. Therefore, the vibrational dynamics of FNO and
CINO in their FC region is considered to have a certain similarity to OCS (2'Z").
However, contrary to OCS, the vibrational distributions of the diatomic photofragments
produced from FNO and CINO were interpreted by an adiabatic picture, in which most
of the NO fragments produced via the vibrational Feshbach resonance with the quantum
number, v*, are populated in the vibrational state with the quantum number, vy, equal
to v*¥ or v¥—1. This type of an adiabatic distributions suggests that the vibrational
motion of the NO moiety of the parent molecules in the FC region is very close to the
vibrational motion of the NO fragments and keeps its nature of local vibration in the
course of the dissociation process.

As far as the vibrational distributions of the diatomic fragments are concerned, the

photodissociation of OCS (2'E") are closer to the symmetric triatomic molecules of H,0

(A, 'B)™ and O, (Chappuis Band®* and Hartley Band®** ) rather than the X-NO
type molecules even though the broad absorption features of H,O and O, exhibit no
vibrational progression. When these symmetric triatomic molecules are excited to the
dissociative PES of the electronically excited state, they start to move along the
symmetric stretch coordinate from the FC point towards the saddle point. Though the
potential along the symmetric stretch coordinate is bound, this motion is unstable and is
deformed into the mixture of the translational motion along the anti-symmetric stretch
coordinate and the vibration of the diatomic fragment, which is expected to cause the

breakdown of the vibrational adiabaticity.
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In the case of OCS, the vibrational motion near the FC region is considered to be
close to the in-phase stretching in both the O-C and C-S bonds as was demonstrated by
the wavepacket calculation in our previous study.” Therefore, in the course of the
dissociative process, the vibrational motion in the FC region would be transferred into
both the translational motion and the vibration of the CO fragments, and during this
process the vibrational adiabaticity would be lost, resulting in the similar vibrational

state distribution to O, and H,0.

IV Conclusion

We investigated the photodissociation of OCS via the 2'Z* state by measuring the
rotational and vibrational state distributions of the CO fragments produced through the
three lowest vibrational resonances in the 2'2*-1'=* band.  Since the dissociation, OCS
(2'=") — CO (X'Z*) + S ('S), proceeds on a single PES of the 2'Z" state, this band
system affords us an ideal opportunity to study the pure nuclear dynamics in the course
of the dissociation process.
(1) The rotational distributions of the CO fragments in the vo = 0 and 1 vibrational
states were derived for the three lowest resonance peaks, v* = 0 — 2, of OCS by
measuring the rotational structures of the LIF spectra of the one-photon CO A'TI - X'2*
(0, 0) and (1, 1) transitions. The rotational state distributions in v¢o = 0 for v* =0 -2
were all represented approximately by the Boltzmann distribution of around 100 K.
On the other hand, the CO fragments in v, = 1 were much more excited rotationally
than CO (Voo = 0) and the distributions were approximated by the Boltzmann
distributions with T, = 2210280, 940%120, and 81065 K for v* = 0, 1, and 2,

respectively.  From the comparison with the rotational temperatures of the CO
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fragments obtained by the photolysis at 157 nm and those by the rotational FC model,
the characteristic rotational temperatures derived here were considered to reflect the
character of the vibrational resonances in the FC region. The difference in the
rotational distribution of the vq, = 0 and v, = 1 channels was also identified as the
difference in their surprisal plots.

(2) From the measurements of the Doppler profiles of the S ('S) atomic fragments, the
vibrational distributions of the CO fragments were determined and they were found to
be well approximated by the Boltzmann distribution with the temperature of 7000+
2000 K. The common vibrational distribution obtained for all the three lowest
resonance states with similar shapes in their surprisal plots indicates that the
dissociation channels which form the CO fragments in the different v, values are
coupled strongly with each other after OCS leaves the FC region, leading to the

breakdown of the vibrational adiabaticity.
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Table I. The rotational temperatures (in K) for the CO fragments in the
Veo = 0 and 1 states produced through the three lowest vibrational

resonances of v* = 0 — 2 of OCS in the 2'Z" state.”

Veo =0 Veo =1
v¥ =0 95 (10) 2210 (280)
vk =1 100 (30) 940 (120)
vk =2 90 (15) 810 (65)

a) The numbers in the parentheses represent a standard deviation (o)

derived from the least-square fit to the Boltzmann-type rotational

distribution.
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Figure Captions
Fig. 1. The PHOFEX spectrum of the entire region of the 2'£*-1'S* band of OCS

measured in our previous study (Ref. 7).

Fig. 2. Schematic diagram of the experimental setup for the pump and probe
measurements using two tunable VUV laser light sources. The photolysis light source
excites OCS to the three lowest resonances of the 2'S* state and the probe light source
probes the CO fragments thorough the A'TT - X'S* transitions. For probing the S('S)
fragments, a tunable UV light source is used in place of the VUV light source for the

probe (See Sec.I).

Fig. 3. The observed LIF spectra for the (a) A'TI-X'Z* (0, 0) and (b) ATI-X'Z* (1, 1)
bands of CO produced via the lowest vibrational resonance with v* = 0 of the 2'Z" state

of OCS.

Fig. 4. The observed rotational state distributions of the CO fragments in the vibrational
states of v, = 0 and 1 via the three lowest vibrational resonances of v* = 0 — 2, derived
by taking account only of the Hnl-London factor from the peak intensities of the P (&),
Q (O), and R (M) branches in the observed LIF spectra. The length of the bar for the

data points represents the experimental uncertainty (o).

Fig. 5. The corrected rotational state distributions of the CO fragments obtained from
Fig.3 by taking account of the vector correlations among the photolysis laser

polarization, the fragment recoil, and the angular momentum of the CO fragments.
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Fig. 6. The rotational surprisal plots, I(gg)s, for the CO fragments in the vibrational
states of v, = 0 and 1 produced via the quasi-bound vibrational resonances of v* =0, 1,
and 2. The data derived from the intensities of the observed P (A), Q (O), and R (H)
branches in the LIF spectra are plotted with different marks. The straight lines drawn
in (a) - (c) represent the best-fit linear lines for the surprisal plots for veg = 0. For veo
= 1, the three plots do not exhibit simple linear behavior, and therefore, no straight line

is drawn.

Fig. 7. The observed (open circles) and best-fit (solid lines) Doppler profiles of the
S('S) fragments for the photodissociation of OCS (2'=") via the quasi-bound states of
(@) v¥ = 0, (b) v* = 1, and (¢) v* = 2. In the trial-and-error simulation, the vibrational
distributions of the CO fragments were assumed to be represented by the Boltzmann-
type distribution and the same optimized vibrational temperatures of T,;, = 7000 K were

derived for all the three profiles (See text for details).

Fig. 8. (a) The observed Doppler profile of the S('S) fragments when OCS was excited
to the lowest quasi-bound resonances with v* = 0 (solid line). The calculated Doppler
profiles are shown for comparison for the lowest vibrational state (veo = 0) and the
highest vibrational state (v¢o = 8) (dotted lines) when the CO fragments are assumed to
be populated only in the single vibrational state. (b) The calculated Doppler profiles

are shown for all the vibrational states, v, = 0 — 8, which are energetically accessible.

Fig. 9. The normalized vibrational state distributions of the CO fragments produced
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after the photodissociation of OCS (2'Z*); (a) the Boltzmann distribution of 7000 K
which reproduces all the observed Doppler profiles of the S('S) fragments when the v*
= 0 - 2 resonances of OCS are excited, (b) the prior distribution calculated for the v* =
0 resonance, and (c) the vibrational distribution for v, = 0 - 3 obtained by Strauss et al
* for the photodissociation at 157 nm. For the normalization for (c), the amount of the
population in each of v, = 4 - 8 is assumed to be 5 % of v, = 0, which was estimated

in Ref. 13 as an upper limit of the population for these five vibrational states.

Fig. 10. The vibrational surprisal plots, I(f,)s, for the CO fragments obtained via the
quasi-bound resonances; (a) v* = 0, (b) v* =1, and (c) v* = 2. The slopes of the fitted
lines to the surprisal plots in the range between v, = 0 and 6, are 1.90(13), 2.14(12),

and 2.36(13) for v* = 0, 1, and 2, respectively.
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Fig. 4
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Chapter 3

Resonances in the ultrafast photodissociation of OCS (2'=%)

by two-photon excitation spectroscopy

Abstract

By probing S('S) photofragments, the two-photon photofragment excitation
spectrum of OCS was measured in the entire energy region (63800 - 69300 cm™) of the
2'S* - 1'S* band. After trial-and-error simulations of the spectrum, weak features
identified between the strong resonance peaks were ascribed to the resonances caused
by the quasi-bound bending excitation of OCS in the transition state region of the

mostly repulsive potential energy surface of 2'=*,
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l. Introduction

The absorption spectrum of the 2'S* - 1'S* band of OCS exhibits the distinct
progression of the strong resonance peaks,"” and more than 80 % of OCS molecules in
the 2'S* state undergo the fragmentation into CO(X'Z*) and S('S).> In our previous
studies, the photofragment excitation (PHOFEX) spectra in which the S('S) fragments
were monitored were measured by using a tunable VUV laser as an excitation light
source.*®*  The resonance peaks were respectively measured under jet-cooled
conditions in which the heterogeneous line broadening caused by the vibrational and
rotational excitation of OCS are suppressed. Combining the measured PHOFEX
spectra with the wavepacket study on the 2D ab initio potential energy surface (PES) of
the 2'Z* state, the nuclear motion of dissociating OCS molecules was discussed.® The
strong resonance peaks were considered to be caused by the in-phase mixing with the
C-S and C-O stretching modes on the 2'S* PES.

On the other hand, in our recent measurements of the product state distributions of
the CO fragments via the resonant states of v* = 0 — 2,° it was revealed that the
dissociation channels to the different vibrational states of the CO fragments are strongly
coupled to each other and the characteristic rotational distributions of the CO fragments
(Veo = 0, 1) were obtained. These results suggest that the dissociation dynamics in the
2'T* state could not be described using a simple pictures such as a vibrational adiabatic
model" in which the bending motion of OCS is neglected. In these previous studies,
attention has been paid to the strong resonance peaks forming an apparent progression,
and the weak profiles appearing in the tail region of the main progression have not been
discussed.

It has been well known that the diffused absorption spectrum contains the
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information about the nuclear dynamics in the Franck-Condon region on the
dissociative PES."""  As the nuclear motion on the PES becomes more complex, it is
more important to examine the spectral structure in the entire energy range of the
electronic band to derive the dynamical information. For example, from the spectral
structure of the Hartley system of O,, several unstable periodic orbits on its dissociative
PES have been discussed.'*"

In the present study, the PHOFEX spectrum in the entire energy range of 2'S* -
1'S* band was measured by the two-photon excitation scheme and the resonance
structure in the spectrum was re-investigated to clarify the origin of the weak

progression.

Il. Experiment

In our previous study, the tunable VUV laser generated by the two-photon resonant
four-wave different frequency mixing (2w, —w,) in the Xe gas was employed to pump
the jet-cooled OCS molecules to the 2'Z* state. The details of the experimental setup
for the VUV-PHOFEX measurement were described previously.*® When we measure
an excitation spectrum by varying the wavelength of the VUV photolysis laser, the
beam spot of the VUV laser at the laser molecule interaction region moves along the
horizontal direction by the dispersion of a LiF prism used for separating the VUV light
from the w, and w, laser beams. It becomes necessary to reduce this beam walk effect
in order to derive properly spectral profiles in the observed energy range. Because of
this difficulty the measurements of the PHOFEX spectrum have been limited to the
narrow energy regions around the resonance peaks in the previous studies.*®

In the present study in order to reduce the beam walk effect of the VUV laser
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during the measurements, the angle of the LiF prism was rotated by a stepping motor
(Oriental Motor, UFK544A) controlled by a personal computer which controlled the
wavelength scan of the dye laser (w,) and acquired the signal data simultaneously.
During the measurements of the PHOFEX spectrum, the prism was rotated at a constant
rate from the optimized angle for the start wavelength to that for the end wavelength.
In Fig. 1(a), the PHOFEX peak profile of the 154 nm band measured with the optimized
prism rotation and that measured without the prism rotation are compared with each
other. This prism-tracking system with the stepping motor enabled us to measure the
profiles of the broad feature around the 157 nm (63700 cm™) as reported previously.®
On the other hand, using ultraviolet (UV) laser light the two-photon PHOFEX
spectrum of the 2'=*—1'S* band of OCS was measured. The experimental setup for
the PHOFEX measurement by the two-photon excitation is shown in Fig. 2. A sample
gas [OCS (10%)/Ar] was expanded into the vacuum chamber by a pulsed nozzle (10
Hz) with 0.8 mm orifice diameter. When the pulsed valve was operated with the
stagnation pressure of 1.5 atm, the pressure in the chamber was about 2X10* Torr.
The rotational temperature of OCS under the jet condition was estimated to be about 6
K which is the rotational temperature of CO contained in OCS sample (Matheson
97.5 % purity) derived from the measurement of the excitation spectrum of the A'TI-
X'Z* band of CO. A frequency-doubled output (A: 287.7 — 314.9 nm) of a tunable dye
laser (Lambda Physik, Scanmate) pumped by third harmonics of a Nd-YAG laser
(Coherent, Infinity 40-100) was used to excite OCS to the 2'E* state through the two-
photon absorption. A frequency-doubled output (A: 219 nm) of the other dye laser
(Lambda Physik, Scanmate) pumped by a XeCl excimer laser (Lambda Physik, EMG

101MSG) was tuned to the *D°~'S transition of S atom for monitoring the yields of the
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S('S) fragments. The fluorescence of A = 147 nm from the *D°state to the P state was
detected by a solar-blind photomultiplier (Hamamatsu, R1259) with a set of light-
collection optics.

Even though the selection rules of the rotational transitions for the two-photon UV
PHOFEX spectrum are different from those for the one-photon VUV PHOFEX
spectrum, the ultrafast photodissociation process occurring on the 2'X* PES on the time
scale much shorter than a period of molecular rotation is expected to make these two
excitation spectra almost identical. The spectral structure of the 2'=*-1'S* band is
determined by the Franck-Condon integral. Indeed, as shown in Fig 1(b), the UV two-
photon PHOFEX spectrum and the VUV one-photon PHOFEX spectrum are matched
well in the 64400 — 65000 cm™ region as far as the VUV-PHOFEX spectrum was
measured with the LiF prism tracking system. Therefore, in order to circumvent the
laborious task to correct the beam walk effect, the two-photon excitation scheme was
employed in the present study to measure the overall spectral structure in the entire

energy range of the 2'=* - 1'S* band.

lll. Results and Discussion
A. Resonances in the PHOFEX spectrum

The observed two-photon PHOFEX spectrum is shown in Fig. 3(a). The weak
features are identified between the strong peaks assigned to the quasi-bound vibrational
resonances for the in-phase motions of the C-S and C-O stretches.® These weak
features can be ascribed to either resonance states different from the stronger ones or an
interference pattern associated with the main resonances. In order to investigate

whether the interference among the stronger resonances could generate such smaller
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peaks in their tail region, the simulations were preformed by taking account of only
seven Stronger resonances.

It has been known that an appropriate linear combination of initial continuum
states leading to different ro-vibrational states of molecular fragments can be
transformed into one continuum state coupled to the resonance state and the other
continuum states decoupled to the resonance state.” In our previous studies,”® the
shape of the main resonance peaks was fitted to a Fano type line profile formula for the

one discrete state coupled to one continuum expressed as

(qv‘ + Ev‘ )2

0, =0, +0
2
1+ €,

» ; 1)

v

2(E-E,.)

where (i) €. = is a dimensionless energy offset from the resonant energy,

vE

E.., (i) T,. is the width of the peak, and (iii) 0,. and o, are the cross sections to the
dissociative continua which are coupled and decoupled to the Oth order resonance state,

respectively.'® The asymmetry parameter g.. is defined as
p y y yp q.

(.| T |¥0p)

. = , 2
T MV W T, @

where T and H represent the optical transition operator and the molecular Hamiltonian
on the 2'=* PES, respectively, and W,, ¢,., and W',. ;, are the initial wavefunction in the

electronic ground state, the wavefunction of the modified resonance state, and the
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wavefunction of the continuum coupled to the resonance state at the energy level of E,
respectively.

However, if the widths of the resonance peaks becomes comparable with the
spacing among the resonance peaks, an effect of the overlapping resonance needs to be

taken into account.'®’®

The extent of the overlap between two continuum
wavefunctions coupled respectively to two resonance states, m and n, can be expressed

by an overlap matrix defined as "’

(Yne

V)= 0,8(E-E), (0s0,,s1) 3)

where W', can be expressed as

1

) 2 \?
RIS O @

n

using the continuum wavefunctions W, (E), leading to the ro-vibrational level of the CO
fragments indicated by B, where V,, and T, are defined as V,; = (&,|H|Y, (E)> and

T, = zyrZ\V,,,,

2 . . . .
, respectively.  Using V5 and T, the overlap matrix can be rewrite as

0_ =(_2”_)12Vm‘ﬁ V.. (5)
r.T,):
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When O,,, = 0 (m = n), the two resonance states, m and n, can be treated separately
as the isolated ones, and the total cross section can be expressed as the superposition of
the resonance profiles represented by Eq. (1). On the other hand, when O,, = 0
(m = n), the resonance states interact with each other through the overlapping of their

continuum components.'”'*

If the values of O, for all m and n (m = n) are equal to 1,
the continuum state coupled to the two resonance states, m and n, are completely

identical. For this special case, the total cross-section can be expressed as

ann "/ )
[“ 2 /2(E—En)]

o0=0, +0, ., (6)

[srae|

which is a Fano type profile for coupling among two or more than two resonance states

and one continuum state.'®!’

When g, and ¢, of two adjacent resonances have the
same sign, the total cross section in the energy range between the two resonances shows
a destructive sum and that in the outside range of the two resonances shows a
constructive sum.  On the other hand, when g, and g, have the different signs, the total
cross section shows a constructive sum in the inside range and a destructive sum in the
outside range."”

In order to evaluate the overlap matrix element, O,,, which takes a value between
0 and 1, the knowledge of the phase and the magnitude of the interaction, Vs> need to
be known."” Although the magnitude of Vs can in principle be estimated from the

product state distributions of CO fragments, the phase of ¥, could not be determined.

Because no estimate has been known for Vg, the simulations of the spectral feature was
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preformed assuming either of the two extreme values of O,... = 0 and 1 (for all
v*¥=v’*), The purpose of the simulation is not to determine values of a lot of
parameters such as g,., E,., and T,., but to confirm whether the weak feature identified
in the present study is due to the new resonances different from the main ones.

In the limit of the isolated resonances, i.e. O,.,. = 0, the parameters, q,., E.., and
. (v = 0-6) were determined by fitting the respective observed peaks in main
resonances to Eq. (1), and then, o,. and o, values were calculated. On the other hand,
in the case of O,.,.. = 1, the simulation was performed for the entire energy region of the
spectrum. Throughout the trial-and-error simulations for both of the extreme cases, it
was found that the observed weak features between the main peaks could not appear as
an interference effect of the main resonances. Therefore, it is suggested that the weak
features in the tail region of the main resonance peaks identified in the present study are
caused by a new type of resonances different from the main resonances. It can be
noticed that these weak resonances could form a progression with spacing similar to the
main progression. Therefore, these small peaks could be assigned to the transition to
combination resonance levels, (v*, s*), where the second quantum number, s*, stands
for that of the vibrational motion along the direction perpendicular to the motion
responsible for forming the main progression of the resonances. By adopting this
notation the main resonances can be represented as the transitions to (v*, 0) levels.

An example of the simulated spectra is shown in Fig. 3(b). In this simulation, all
the off-diagonal elements of the overlap matrix are assumed to be equal to 1.  For the
main resonance features, the peak positions, E,, and widths, T',, were fixed to the
observed values, respectively, and g, were set to be proportional to the observed peak

height. For the weak resonance features, E,, T',, and g,, were adjusted by a trial-and-
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error procedure. The parameters used in the simulation shown in Fig. 3(b) are listed in
Table I. The set of parameters listed in this table is just one of a large number of the
possible parameter sets. Similarly, even if all O,, (m=n) = 0, the weak features

appear in the simulated spectrum as shown in Fig. 3(c), in which the parameters listed in

Table II are used.

B. Nuclear motion responsible for the weak resonances

As described in Ref. 8, the main resonance progression can be assigned to that of
the in-phase stretching of the C-S and C-O bonds. Either of two quasi-bound nuclear
motions different from the in-phase motion would be responsible for the weak
resonances. One is the bending motion perpendicular to the dissociative coordinate
and the other is the out-of-phase stretching along the dissociation coordinate. If the
motion along the dissociation coordinate causes the weak resonances, the existence of a
barrier along the dissociation coordinate is expected.'*"”

Because the energy difference between the two resonances, (v*, 0) and (v*, s*),
defined as AE,. = E,,. ., - E. ), corresponds to the frequency of the vibrational mode
whose vibrational quantum numbers are represented by s*, it is expected to have
information on the assignment. The observed energy differences, AE,., for v* = 0 to 4
are 111(30), 203(25), 403(25), 588(32), and 564(16), respectively. As plotted in Fig.
4(a), AE,. increases as v* increases from v* = 0 to 3. Such an increase of AE,.
suggests that the potential well along the quasi-bound vibrational coordinate becomes
deeper as v* increases from O to 3.

If the weak resonances are caused by the out-of-phase stretching, i.e. the motion

along the dissociation coordinate, the larger AE,. could be realized for the higher
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potential barrier along the dissociation coordinate. Since the AE,. value increases as
v* increases from O to 3, the dissociation lifetimes are expected to become larger when
adopting these assignments. However, the observed peak widths of the resonant states,
(v*, 0) becomes larger with v* increasing from O to 3, suggesting that the lifetime of the
quasi-bound resonances becomes shorter. This is inconsistent with the above
discussion based on the AE,. values. Therefore, it is unlikely that the weak resonances
in the spectrum are caused by the out-of-phase stretching along the dissociation
coordinate.

It should be noted that the well depth along the bending coordinate perpendicular
to the dissociation coordinate is not directly correlated to the dissociation lifetime.
Therefore, it is possible that the bending motion shows the weak resonances without the
inconsistency between the dissociation lifetimes and the AE,. values. When the weak
resonance can be assigned to the bending vibration, the quantum number of the bending
mode, s*, has to be even in view of the molecular symmetry, i.e. the Franck-Condon
integral between the bending states with the odd quantum numbers and the state of v = 0
in the electronic ground state is vanished. Therefore, the quantum number, s*, would
be equal to 2. However, since the overlapping resonances might cause the mixing
among the zero-order quasi-bound states, it might not be appropriate to assign to the
state using a single set of quantum numbers, (v*, s*). In our previous study, it was
found that the efficient rotational excitation of the CO fragments (v, = 1) occurs when
the dissociation proceeds via the resonance states, (v* = 0 - 2, s* = 0).” Since the
rotational excitation of the CO fragment is promoted by the bending excitation of
OCS," the bending vibration contributes to the resonance state of OCS on the 2'=* PES.

The dissociation via the bend excited resonances with s* = 2 may promote further
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rotational excitation of the CO fragments.

IV. Conclusion

The two-photon PHOFEX spectrum in the entire energy region of the 2'S*-1'S*
band of OCS was measured and the weak features were identified between the strong
main resonances. On the basis of the trial-and-error simulation of the excitation
spectrum, it was confirmed that these weak features could not be attributed to a
interference pattern caused by the overlapping of the strong resonances.

From the correlation between the well depth of the potential along the quasi-bound
vibration responsible for the weak resonances and the dissociation lifetime of the main

resonance states, it was suggested that the progression of the weak resonances could be

attributed to the bending vibration.
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Table I.  The values of the parameters used in the simulation of the O,,, = 1 case (Fig.

3(b)).

Resonant state E, /cm’! [,/cm’ qn
(0, 0) 64741 51 68
(0, s*) 64852 300 35
(1, 0) 65604 106 84
(1, s*) 65807 300 35
(2,0) 66381 214 96
2, s%) 66784 300 36
(3, 0) 67130 195 77
(3, s%) 67718 200 25
(4, 0) 67900 187 58
(4, s*) 68464 100 15
(5,0) 68644 100 34
(5, s*) 69000 100 10
(6, 0) 69375 100 25
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Table II.  The values of the parameters used in the simulation of the O, = 0 case (Fig.

3(c))..

Resonant state E,/cm? [, /cm?! q,
0, 0) 64740 37 -26
0, s%) 64860 100 12
(1,0) 65613 93 -3.2
(1, s%) 65840 200 22
(2,0) 66400 209 -10
(2, 5%) 66300 200 28
3,0 67120 194 8.7
3, s%) 67680 150 25
(4,0 67905 151 31
(4, s*) 68425 100 15
5,0 68643 308 53
(5,5%) 69140 150 2
6, 0) 69363 120 49
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Figure Captions

Fig. 1. (a) The VUV-PHOFEX spectra measured under jet-cooled conditions. A
solid line shows the spectrum obtained by using a LiF prism adjusted during the
measurement. A dotted line shows the spectrum obtained using a LiF prism which
was optimized at the peak wavelength of the spectrum and was fixed during the
measurement.  (b) The comparison between the VUV-PHOFEX spectrum (open

circles) and the two-photon PHOFEX spectrum (a solid line).

Fig.2. The schematic diagram of the experimental setup for the PHOFEX

measurement by the UV two-photon excitation.

Fig. 3. (a) The observed PHOFEX spectrum in the entire region of the 2'=*-1'S* band
of OCS by the UV two-photon excitation. (b) The simulated spectrum when all O,

are assumed to be equal to be 1. (c) The simulated spectrum when all O,,, (m = n) are

assumed to be equal to be 0.

Fig. 4. (a) The energy differences between the two peak position of the resonances

(v*,0) and (v*, s*); AE,. = E. ., - E.,. (b) The peak width (FWHM) of the resonant

states, (v*, 0).

75



Chapter 3

Resonances in photodissociation of OCS

1 (a)
3' 1
d
2 1 |UF prism LiF prism
'% adjusted fixed
£ \
64400 64600 64800 65000
{(b)
o one-photon
5 two-photon
pr
>
‘0
[
o
£
64400 64600 64800 65000

-1
Wavenumber / cm

Fig. 1

76



Chapter 3 Resonances in photodissociation of OCS

Dye Laser Nd:YAG Laser: THG

( Lambda .
Scanmate ) (Coherent Infinty)

BBO

Autotracker two-photon excitation

of OCS
(287.7 - 314.9 nm)

OCS 10% in Ar

S(1S) probe laser

(219nm)
XeCl
pod Dye Laser Excimer Laser
ggo| ( Lambda (Lambda
Scanmate ) - EMG101)

Fig. 2

77



Chapter 3 Resonances in photodissociation of OCS

R e
- (a)
| ®
:(C)
oo sea | emon

Wavenumber / cm'1

Fig. 3

78



Chapter 3 Resonances in photodissociation of OCS

600 @)

400

AE./cm”

200

250
(b)
200-
150
100

50

Width (FWHM) /cm””

o
SN
N
w
-

79



Chapter 4

lonization and fragmentation dynamics of benzene in

intense laser fields by tandem mass spectroscopy

Abstract

Using a tandem time-of-flight mass spectrometer, mass-selected benzene cations
produced by the resonantly enhanced multiphoton ionization are exposed to intense
laser fields (~ 2>X10' W / cm?) at A ~ 790 and 395 nm with the pulse duration of ~ 50
fs. Comparing the yields of the product ions with those obtained from neutral benzene
molecules, the ionization and dissociation dynamics of benzene in intense laser fields is
investigated. At A ~ 790 nm, the formation of parent benzene ions is a dominant
process irrespective of the initial charge states, i.e., major products obtained when
starting from neutral benzene are benzene cations and dications, and those obtained
when starting from benzene cation are benzene dications. On the other hand, at A ~
395 nm, the fragmentation processes to produce CH;" (i = 2 — 4) and C;H;* (j = 1 - 3)
dominate over further ionization to the benzene dication for both cases starting from
neutral benzene and benzene cation, indicating the population trapping occurs by the
efficient confinement in the light-induced mixture of the C and X states of benzene

cations assisted by the ultrafast intramolecular decay process.
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l. Introduction

Molecules in intense laser fields are known to exhibit a variety of nuclear
dynamics"? such as alignment of a molecular axis along the laser polarization direction’
and ultrafast structural deformation.*” The ultrafast structural deformation has often
been interpreted by referring to the formation of light-dressed potential energy
surfaces™®” by the coupling among electronic states of molecules, but it has been
uncertain whether such a strong coupling for the formation of the light-dressed states
occurs at the neutral stage, the singly charged stage, or the multiply charged stage when
neutral molecules are exposed to intense laser fields.

It should be an important issue to clarify at which stage an efficient coupling
occurs to form a time-dependent light-dressed potential energy surface, which induces
the ultrafast structural deformation. Theoretical investigations were performed
recently to account for the experimental findings. For example, nuclear dynamics of
the singly and multiply charged cations such as N,*,'* CO,*, and CO,*, ! in intense
laser fields was investigated on the theoretical potential energy surfaces.
Experimentally, the dynamics of H," in intense laser fields was investigated by
preparing H," by a plasma discharge ion source before the intense laser pulses were
introduced.” In the present study, we introduce a new approach in which molecular
ions are selectively prepared in specific vibrational states by a resonantly enhanced
multiphoton ionization (REMPI) scheme, and the mass-and-state-selected ions are
exposed to the intense laser pulses using a tandem time-of-flight (TOF) mass
spectrometer.

As a target molecule, we chose benzene because its behavior in laser fields has

been intensively studied by the laser pulses with wide ranges of temporal width (10®—
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10™"s), wavelength (IR —UV), and intensity (10°— 10" W/cm?) as summarized in Table
I, and its dissociation and ionization processes have been known to depend sensitively
on the condition of the laser pulses.

When femtosecond laser pulses (50—200 fs) are employed, the ionization and
dissociation processes are qualitatively different from those in the long pulsed laser
fields. When A ~800 nm with the laser fields intensity of ~10" W/cm? benzene
cations are the main product ions from the neutral benzene.'*"* When the laser field
intensity was in the 10™—10" W/cm’® range, three different results were reported.
First, Ledingham et al.'>'® showed that the benzene cations were mainly observed, and
the benzene dications were the second major products, and that the triply charged
benzene cations began to appear when the laser intensity reached ~ 10" W/cm® In
these cases fragmentation processes were identified as minor channels.' Secondary,
Talebpour et al.'” showed that benzene cations were dominant product ions regardless
of the laser field intensities ranging from 1X10" to 2X 10" W/cm® In their report,
when the laser field intensity was in the range of 1X10"—5X10" W/cm? C,H;* (i = 2
— 4) fragments exhibited the largest yields next to the dominant benzene cations. As
the laser field intensity increased up to 2X 10" W/cm?, the yields of benzene dications
and other fragment ions such as C;H;* (j = 0 - 3), C,H,* (k = 0 - 4), and CH,’ (=0,1),
became comparable with those of C,H;*. Thirdly, Castillejo et al.® reported that the
fragment ions, such as C;H;*, C,H,*, and CH/*, were major products when the laser field
intensity exceeded 10" W/cm®. In the much higher intensity range of ~ 107 W/cm?,
Shimizu et al."” reported that singly and multiply charged atomic ions were dominant
fragment ions, indicating that the Coulomb explosion was a major process.

The wavelength dependence of the ionization and dissociation of benzene in
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intense short-pulsed light fields was recently showed by Smith et al.'® Interestingly,
when the intense femtosecond laser pulses of A~ 375 nm were used, the multiple
ionization to the benzene dication was significantly suppressed and the yields of the
fragment ions, C,;H;*(i = 2 — 4), became largest next to the benzene cation, exhibiting a
marked contrast with the results when A ~ 750 nm.'®  In the present study, we focus our
attention to this characteristic wavelength dependence of the dynamics of benzene in
ultrashort intense laser fields and investigate whether this difference reflects the
dynamics in neutral manifold or that in the singly charged or multiply charged

manifold.

ll. Experiment

Using a mode-locked Ti-sapphire laser (Coherent, Mira Seed) pumped by a
frequency-doubled output of a diode-laser pumped Nd:YVO, laser (Spectra-Physics,
Millennia), femtosecond laser pulses (A = 785 nm, FWHM = 50 nm) were generated.
Output pulses from Mira were introduced to a regenerative amplifier (B. M. Industries,
Alphal0O), and amplified by the chirped-pulse amplification. The regeneratively
amplified laser pulses (A = 790 nm, FWHM = 22 nm, 10 Hz) were amplified further by
two stages of a bow-tie-type amplifier. After the compression, intense laser pulses
with a maximum power of around 30 mJ/pulse were obtained. The temporal width
(FWHM) of a laser pulse was = 50 fs, which was measured by a single-shot auto-
correlator (B. M. Industries, AM100).  The fs laser pulses at 395 nm were obtained
by frequency doubling of the amplified Ti-sapphire output by a f-BBO crystal (1mm
thick) after the compression stage. The maximum power of the fs pulses at A ~ 395

nm was ~ 10 mJ/pulse. By taking account of the temporal broadening of the laser

83



Chapter 4 lonization and fragmentation of benzene

pulses by the dispersion in a B-BBO crystal, the temporal width (FWHM) of the
frequency-doubled laser pulses at A ~ 395 nm was estimated to be ~ 42 fs. The laser
beam was focused by a quartz lens (f =150 or 200 mm) to generate intense laser light
fields, and the direction of the laser polarization was set to be parallel to that of the
detection axis of the mass spectrometers.

We need to be careful about non-linear distortions of laser pulses caused by a self-
phase modulation and a self-focusing as pointed out by Miiller et al*® They
investigated the ionization and dissociation of toluene, and showed that the
fragmentation was significantly enhanced when the laser beam was intentionally .
distorted. In the present study, in order to avoid the beam distortion, the focusing
quartz lens was located just outside the window of the vacuum chamber so that the
photon density at the window was kept sufficiently low. The distance between the lens
and the window was set to be less than 1 cm.

The schematic diagram of a custom made TOF spectrometer (R. M. Jordan Co.) is
shown in Fig. 1. The benzene vapor mixed with the He carrier gas (1 atm) was
expanded into the vacuum chamber through a pulsed nozzle and collimated through a
skimmer (1 mm ¢). The frequency-doubled output (A = 258.9 nm) of a dye laser
(Lambda Physik, FL3002) pumped by a XeCl excimer laser (Lambda Physik, LPX
1051) was used to produce benzene cations in the electronic ground state by the (1+1)
REMPI scheme from neutral benzene molecules via the v, = 1 level in the S, ('B,,)
state.

At the first stage of the tandem TOF mass spectrometer, the benzene cations were
accelerated at around 4 keV by three parallel electrode-plates with Wiley-McLaren

condition' so that the cations were spatially focused at the second interaction point after
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the flight through the field free region of 1 m length. An ion lens collimated the
accelerated ion beam whose direction was adjusted by two ion-deflectors for horizontal
and vertical deflections. The second stage of the tandem TOF spectrometer is
composed of four parallel electrode-grids as shown in Fig. 1. The ion beam was
decelerated in the region between the grounded entrance-grid and the second-grid with a
voltage of 1400 V. When the mass-selected cations reached the equidistant point
between the second-grid and the third-grid, they were exposed to intense laser pulse
fields generated by focusing the output of the regenerative amplifier by a quartz lens (f
= 200 mm).

In order to repel ions originated from the residual gases in the direction opposite to
the detector, the voltage of the third grid was set to be higher by 100 V than that of the
second grid. Under this voltage condition, only the benzene cations produced by the
REMPI scheme in the first stage of the tandem TOF mass spectrometer were allowed to
pass through the third grid. Finally, the multiply charged cations and fragment ions
produced by the interaction between the intense laser pulses and the benzene cations
were re-accelerated in the region between the third grid and the exit-grid having a
ground level potential. ~ After drifting in the field-free region of the 1 m length, the ions
hit the MCP detector. The signals from the MCP detector were stored and averaged
over more than 1X10° shots by a digital oscilloscope (Lecroy, 9384) with a 1 GHz
sampling rate as a form of a TOF mass spectrum.

Assuming that the laser spatial profile has a Gaussian distribution and the focusing
condition reaches a diffraction limit, the diameter of the focal spot, 2d, is calculated to
be 26 um at the laser wavelength of 790 nm and 13 pm at the laser wavelength of 395

nm. The peak intensities of laser fields at the focal point were set to be around 25
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PW/cm? (PW = 10" W) at both wavelengths.

The main chamber was pumped by a turbo molecular pump with a pumping rate of
5501 /s (Varian, V550) backed up by an oil-free scroll pump (Anest-Iwata ISP-250; 250
[ /min). The first and second TOF tubes were pumped separately by two turbo
molecular pumps with a pumping rate of 250 [ /s (Varian, V220) both of which were
backed up by another oil-free scroll pump (Anest-Iwata ISP-250; 250 / /min). When
the pulsed nozzle was operated, the pressure in the main chamber was around 1X10°
Torr and that in the second TOF tube which was pumped differentially was around 5 X
10*® Torr. The pressure in the second TOF chamber was kept sufficiently low, and
neither collision-induced process nor space charge effect was identified.

A conventional linear TOF mass spectrometer’”* was also used to record the TOF
mass spectra for neutral benzene molecules. The pure benzene vapor (0.6 —3 Torr)
was expanded into the vacuum chamber through the pulsed nozzle. The pressure
range in the main chamber was between 2X10®—6X10®* Torr during the nozzle
operation. The molecular beam of neutral benzene molecules was collimated by a
skimmer (1 mm ¢) and was exposed to the intense laser fields generated by focusing the
short-pulsed laser output by a quartz lens (f = 150 mm). The peak intensities of the
laser fields at the focal point were set to be around 20 PW/cm? for both wavelengths of

790 nm and 395 nm.

Ill. Results and Discussion
A. Neutral benzene in intense laser fields
The TOF spectra obtained when neutral benzene molecules were irradiated by

intense laser pulses at A ~ 395 and 790 nm are presented in Figs. 2(a) and 2(b),
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respectively. The main product jons were benzene cations at both laser wavelengths,
but the yields of other product ions exhibited clear wavelength dependence, as
summarized in Table II. The relative yields of the ion species were evaluated by
measuring the area of the corresponding peaks in the TOF mass spectra. Although
CH,”* and C,H," have the same mass-to-charge ratio, m/g = 39, they can be
distinguished from each other in the present case by the extent of spread of their peak
profile. That is, the peak originating from C;H;" should be broadened by the kinetic
energy release after the dissociation from the benzene cation, while that originating
from C,H,** should appear as a sharp peak.

When the laser wavelength was 395 nm, the yields of C,H;*(i = 2 — 4) were largest
next to the benzene cation. Because the width of the peak at m/g = 39 (FWHM:
14.4(4) ns) in the TOF mass spectrum was much broader than that of the benzene
cations (FWHM: 3.2(1) ns), the peak at m/q = 39 was mainly ascribed to C;H,*. The
present interpretation would also be confirmed by the experiment using deuterated
benzene, C¢H;D, whose dication has a half-integer mass-to-charge ratio, m/q = 79 / 2."
As clearly seen in Fig. 2(a), the yields of the fragment ions tend to become smaller as
their size becomes smaller.

On the other hand, when the wavelength was 790 nm, the width of the peak at m/q
= 39 (FWHM: 3.8(1) ns) in the TOF mass spectrum was even narrower than that of the
benzene cations (FWHM: 4.7(1) ns). Therefore, this peak with no kinetic energy
spread could be regarded as the peak originating mainly from the benzene dications.
The formation of the benzene dications when A ~ 790 nm was previously confirmed by
Ledingham et al.* using 50 fs laser pulses for C;H;D. The yields of benzene dications

and carbon atomic cations were largest next to the benzene cation, and C,H;* fragments
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were identified with only very weak intensities.

These observations of the efficient fragmentation at A ~ 395 nm, and the multiple
lonization to form benzene dications at A ~ 790 nm are consistent with the results
obtained by Smith er al.' and Ledingham et al."’ using the femtosecond laser pulses
whose width is shorter than 100 fs with the field intensity range of 10" —10" W/cm?
Contrary, the results obtained by Castillejo et al.'® exhibited an excessive fragmentation
into smaller fragment ions when A ~ 800 nm even though the pulse width employed
were almost the same as ours.  This discrepancy of the behavior of benzene in intense
short-pulsed laser fields may be ascribed to the distortion of the laser profile in their
experiment as suggested by Miiller et al.?

It has been known that as the laser intensity increases a qualitative transition of the
ionization mechanism from the multiphoton ionization to the field-induced tunnel
ionization occurs. The Keldysh adiabaticity parameter, y,> has been used as a criterion
to judge whether the ionization occurs via the field-induced tunneling or the
multiphoton absorption. This parameter is defined as the ratio of the optical field
frequency, w, to the tunneling rate of the ionized electron, w, i.€.,y = ®/ w. When the
laser field intensity is 10" W/cm?, the Keldysh parameter can be calculated as y = 0.12
and 0.24 for A ~ 790 and 395 nm, respectively. As represented by these y values, the
tunnel ionization is expected to be enhanced more when A ~ 790 nm than when A ~ 395
nm, which might explain the efficient formation of the benzene dication when A ~ 790
nm.

In the Keldysh model, the tunneling rate of an electron tends to be underestimated
because of the assumption of the zero-range potential, leading to the overestimation of

the adiabaticity parameter.® Therefore, the adiabaticity parameters derived after the
yp yp
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correction of the tunneling rate would become even smaller than the aforementioned y
values, indicating an efficient tunnel ionization.

Within the multiphoton ionization picture, the number of the photons, N, required
to reach the second ionization threshold” of 26.4 eV to produce benzene dications is N
=9 when A ~ 395 nm, which is around one half of the corresponding photon number, N
=17, when A ~ 790 nm. Therefore, the larger yield of benzene dications for A ~ 395
nm is expected than that for A ~ 790 nm with the same photon flux, which is realized
when the laser intensity at A ~ 395 nm is twice as large as that at A ~ 790 nm.
However, even when the laser intensity of A ~ 395 nm was doubled, the fragmentation
process was found to dominate over the formation of dications. Considering that
singly charged cations were observed with strong intensities when A ~ 395 nm, there
should exist a mechanism by which the population in the cation stage is efficiently
trapped when A ~ 395 nm.

At both laser wavelengths of 395 and 790 nm, the atomic carbon ions, C*, were
observed as shown in Fig. 2. According to the previous studies the C* ions could be
produced from benzene in intense laser fields through the Coulomb explosion from the
multiply charged benzene cations or through the “ladder switching” processes in which
photoabsorption and dissociation of fragments are repeated sequentially leading to
smaller sized fragments. After scaling the TOF mass spectra of C* with respect to the
released momenta, momentum-scaled TOF spectra of C* at A ~ 395 and 790 nm were
obtained as shown in Figs 3(a) and 3(b), respectively. By assuming a Gaussian
momentum distribution for these peaks, their widths (FWHMSs) were determined by a
least squares fit to be 223(7) X 10’ and 274(6) X 10 amu m/s at A ~ 395 and 790 nm,

respectively.
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It should be noted that the atomic carbon cations, C*, exhibit much broader peaks
in the momentum-scaled TOF spectra than other fragment ions. For example, the
FWHMs of the peaks for C,H,* and C;H," at A ~ 395 nm were 35.4(8) X 10” and 34.5(1)
X10* amu m/s , respectively, and that for C,H,* at A ~ 790 nm was 40.0(6)X 10’ amu
m/s. The large momentum release for the C* ions suggests that there is an ultrafast
tunnel ionization process at both A ~ 395 and 790 nm to form highly multiply charged
benzene cations, which break into the atomic fragment ions by the Coulomb explosion
processes. Such a large kinetic energy release of C* could not be expected for
unimolecular dissociation of molecular fragment ions originating from benzene cations.
On the other hand, the relatively small kinetic energy release of the molecular fragments
such as C,H;' suggests that they were mainly produced from the unimolecular
dissociation rather than the Coulomb explosion.

The above observation that the momentum spread of C* at A ~ 395 nm is smaller
by 19 % than that at A ~ 790 nm indicates that the Coulombic repulsive force is larger at
A ~ 790 nm than at A ~ 395 nm. Therefore, it is possible that (i) the ionization to the
higher charged benzene cations at A ~ 790 nm occurs more efficiently and/or that (ii)
the structural deformation such as elongation of the C-C and C-H bond distances occurs
to a larger extent at A ~ 395 nm to reduce the Coulombic repulsive force.

Another atomic fragment ion, H*, could also be produced in the Coulomb
explosion process, but the H* signal originating from benzene were overlapped by that
from background H,O under the present experimental conditions. Therefore, the H*
signal could not be used for the discussion of the Coulomb explosion of benzene
molecules.

It would be interesting to note that highly multiply charged benzene cations were
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not identified either at 395 nm or at 790 nm, while a non-negligible benzene molecules
undergo the multiple tunnel ionization, leading to the Coulomb explosion. Even
though a definitive interpretation may not be possible, this finding suggests that there is
a fate determining stage in the ionization process. When A ~ 790 nm, it can be inferred
that once a situation in which three electrons are successively ejected is realized, a
further tunnel ionization efficiently occurs to reach the highly charged stage. A similar
situation may also exist when A ~ 395 nm. However, an additional complexity exist at
this wavelength because no benzene dication was observed and the singly charged

fragment ions were produced.

B. Benzene cation in intense laser fields

Using the tandem TOF mass spectrometer, the TOF mass spectra shown in Figs.
4(a) and 4(b) were obtained respectively by irradiating the mass-selected benzene
cations with the intense laser pulses at A ~ 395 and 790 nm. The small amount of
fragment ions were produced as by-products at the first laser-molecule interaction point,
where benzene cations were prepared by a nanosecond laser pulse through the REMPI
process, but their flight time was largely different from that of the corresponding ions
produced at the second interaction point. Therefore, they did not interfere with the
TOF mass spectrum starting from the benzene cations. Benzene dications and C;H,?,
which have the same mass-to-charge ratio, m/q = 39, were discernible to each other by
the peak widths in the TOF spectra, as described in Sec. III. A.

When A ~ 395 nm, CH;" (i = 2 - 4) fragment ions were observed as the major
products, while C;H;" (j = 3) fragment ions were observed with much weaker intensities,

i.e., the total yields of C;H;" estimated by the peak area in the TOF mass spectrum were
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only 20 % of the total yields of C,H;'. On the other hand, when A ~ 790 nm, the
fragment ions were hardly identified, and instead, benzene dications appeared with
strong peak intensity. When the laser fields intensity was increased up to 6 X 10 W /
cm’, the further ionization occurred and triply charged benzene ions began to appear in
addition to the benzene dications. The carbon atomic cations, C*, which were
observed when starting from the neutral benzene molecules, were not identified either at
395 or 790 nm, probably due to their weak and spread feature.

For both laser wavelengths, the major products obtained when starting from
benzene cations were the same as those having the largest yields next to the benzene
cations when starting from neutral benzene molecules. This observation suggests that
the ionization and dissociation dynamics starting from neutral benzene molecules is
governed by the processes common to those starting from benzene cations except for
the formation of the benzene cations. Therefore, the dynamics occurring at the
benzene cation stage would be important for the characteristic fragmentation as well as
for the suppression of the formation of doubly and multiply charged parent ions
observed when A ~ 395 nm.

After the REMPI preparation, the benzene cations are populated in the electronic
ground X ZE,, state whose electronic configuration is - (a)(e5) (e)'. By
absorbing a photon of A ~ 395 nm (3.14 eV), benzene cations in the electronic ground
state are excited resonantly to the electronically excited C ’A,, state whose electronic
configuration is "'(aZu)’(ezg)“(elg)z. In the photoelectron spectrum, the C state is
known to exhibit a diffuse structure with the bandwidth (FWHM) of as large as 0.5
eV.® This diffuse structure has been attributed to the dense discrete levels in the C

state appearing through the complex vibronic coupling.® Since the C — X transition
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is a strong dipole allowed transition between the two m orbitals, it is expected that the
light-dressed potential energy surfaces are formed by the strong coupling between the
C and X states by the laser fields of A ~ 395 nm.

The time-dependent calculation of a nuclear wavepacket on the C state potential
energy surface® demonstrated that an initially prepared wavepacket decays very rapidly
within 10 fs with no recurrence. This rapid decay was ascribed to an ultrafast
intramolecular vibrational redistribution (IVR). It was also shown that the C (A,,)
state of benzene cations undergoes non-radiative internal conversion into the
vibrationally highly excited region of the B (E,,) and X (2E,g) states within 20 — 30
fs.” Therefore, it is possible that an ultrafast spread of the nuclear wavefunction
occurs once the C (’A,,) state character is induced by the intense laser fields, and the
ultrafast geometrical change lowers largely the ionization probability to reach the
dication stage,™ resulting in the effective population trapping within the cation stage.

Even when light-dressed states are formed through the strong coupling between the

C and X states, the one-photon crossing'*"**

, i.e. the crossing between the potential
energy surface of the electronically excited state lowered by the one-photon energy and
the potential energy surface of the electronic ground state, could not cause a bond
breaking to produce C,H;’and C,H;" because one-photon energy of the 395 nm light
(3.14 eV) is lower than the threshold energies of 4.16 and 4.19 eV for producing C,H,*
and C,H,*, respectively.” However, under the strong laser fields generated in the
present study, dynamics could proceed through three-photon crossing and/or even
through a larger number-photon crossing. Therefore, benzene cations could gain the

C state character through such a multiphoton crossing and eventually carry a character

of dissociative continuum assisted by the aforementioned ultrafast vibronic decay
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mechanism. It would be possible that an appropriate nuclear configuration for the
three-photon coupling is realized within the ultrashort laser pulse duration by the
ultrafast IVR process within the C state. It would also be possible that the
populations trapped in the light-dressed potential energy surfaces by the C and X
states are further excited to a dissociative electronically highly excited state, or ionized
to a dissociative state of benzene dications.

When starting from the neutral benzene molecules, at the early stage of the C—
X coupling in the benzene cationic stage, a small portion of benzene cations could
escape from the C — X manifold by ionizing electrons to reach the highly charged
stage. Therefore, the multiply charged benzene ions prepared by the A ~ 395 nm laser
light could carry an influence of the € — X mixing as schematically shown in Fig. 5.
On account of the € — X mixing, the molecular skeletal structure is relaxed to give a
smaller amount of the kinetic energy release of C* ions produced through the Coulomb
explosion from the highly charged stage compared with those when A ~ 790 nm, which
is consistent with the observed profiles of momentum-scaled TOF spectra for the C*
ions in Fig. 3.

It was previously reported that the population trapping occurs in the Rydberg states

of atoms®®

and diatomic molecules™ in intense laser fields. This type of trapping is
caused by the resonances between the Rydberg states, which are energetically shifted by
the ac Stark effect, and the electronic ground state. The mechanism of the population
trapping in the benzene cation identified in the present study would be regarded as an
IVR-assisted trapping, which is different from the Stark-assisted trapping in the

Rydberg states.

On the other hand, in the laser light fields of A ~ 790 nm, benzene dications and
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trications were produced when starting from benzene cations, while benzene cations and
dications were produced when starting from neutral benzene molecules. This efficient
ionization suggests that there is no strong coupling among specific electronic states on
either of the neutral, cation, and dication stages, and non-resonant multiple field-
induced tunnel ionization dominates the dynamics in the intense laser fields of A ~ 790
nm. It would be possible that trications were also produced when starting from neutral
benzene molecules,'” but the signal was too small to appear in the TOF mass spectral
region where the ringing decay after the strong signal of a contaminant H,O could hide

a weak signal.

C. Difference in the fragmentation from neutral and cationic benzene

As described above, when neutral benzene molecules and benzene cations were
irradiated by the intense 50 fs laser pulse of A ~395 nm, major fragment ions were
CH;" and C;H;". When the laser intensity was 2X10'® W/cm?, the yield ratio, R =
(GH}") / (C,H/"), from neutral benzene molecules was R ~ 0.4. The ratio obtained
from benzene cations, R ~ 0.2, is smaller than that from neutral benzene in spite of the
larger laser intensity of 2.5 X 10" W/cm?.

When the benzene cations produced in the present study by the REMPI via S,(v, =
1), they were expected to be populated in the three vibrational states, v = 0, v, = 1, and 2,

in the electronic ground state.*

Therefore, when the prepared benzene cations were
exposed to the intense 50 fs laser pulse at A ~ 395 nm, the strong coupling between the
C state and the low vibrational states in the X state would occur first.

The dissociation processes of benzene cations through the dense manifold of the

vibrationally highly excited region of the electronic ground X state were studied
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previously by the statistical treatment of the multiple fragmentation steps.” The yield
ratio R was found to increase as the internal energy imposed on the benzene cations
increases, because the contribution of the multiple fragmentation into the smaller
fragment ions increases as the internal energy of the benzene cation increases.

In view of the statistical picture, the larger R value obtained when starting from the
neutral benzene molecules indicates that the cation stage from which the fragmentation
into C,H;" and C;H;* occurs is expected to have a larger internal energy than the benzene
cations prepared by the REMPI process. This means that the memory of the initial
vibrational states is kept even after the strong resonance interaction between the C and
X states in the intense laser fields. The low vibrational states of the benzene cations

produced by the REMPI process tend to access to the lower energy manifold of the C

state compared with those reached from the neutral benzene molecules.

When starting from neutral benzene molecules, it is also possible that the re-
scattering process*’ occurs, in which the ionized electron excites the molecular ion core
within a laser pulse by transferring its ponderomotive energy,” resulting in the benzene

cations having the larger internal energy than those prepared by the REMPI process.

D. Comparison with the experiment using longer laser pulses

The multiphoton ionization and dissociation of benzene were investigated
previously using nanosecond laser light of A ~ 390 nm.” The benzene cations
prepared by the (2+ 1) REMPI led to an efficient fragmentation process, and the total
yields of the fragment ions were much larger than the yield of benzene cations. It was
also found that the yields depend strongly on the laser field intensity. When the laser

intensity reached ~ 10° W/cm?, the respective yields of C,H;* (i = 2 - 4), GH*G=0-
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3), C,H," (k =0-3), and C*, were all 20 - 30 % of the total ion yields, leaving only very
small yields of benzene cations. Carbon atomic cations, C*, were also produced with
the yields of around 20 %. The formation of the small fragment ions such as C* was

44 in which neutral benzene

interpreted by the “ladder switching” mechanism,
molecules are ionized first and multiphoton dissociation of the benzene cations occurs
to produce molecular fragment ions which then undergo multiphoton dissociation in a
sequential manner. This ladder switching mechanism was confirmed by the double
laser pulse experiments and the tandem TOF technique.**’

The multiphoton dissociation of benzene cations in nanosecond pulsed laser fields
was also investigated at A ~ 504 nm, and 259 nm.*** The small differences in the
branching ratios of the fragment ions obtained at different wavelengths have been
attributed to the differences in the laser field intensity rather than the differences in the
wavelength of the laser.***

When the laser intensity of the nanosecond laser pulse was ~ 10’ W / cm?, benzene
cations were dominantly produced.* The weak signal of the fragment ions, C,H/,
which were directly produced from benzene cations, was also detected. It was found
that the ladder switching processes efficiently proceed as the laser intensity increases,
and the smaller size fragment ions tend to have larger yields. When the intensity was
~ 10° W / cm®, the benzene cation signal disappeared and the atomic carbon ions, C*,
were dominantly produced.” This ladder switching process of the ionization and
dissociation of benzene was also identified when the 35 picosecond laser pulses (A ~
532 nm, 10"W/cm?) were used,” indicating that the ladder switching process could

proceed within 35 ps.

As demonstrated in the present study, when the 50 fs laser pulses of A ~ 395 nm
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were employed, the fragmentation into the small ions, C,H," and C*, through the ladder
switching processes was minor channels. When starting from neutral benzene
molecules, the total yields of these small ions were only around 20 % of the yields of
C,H;". This suggests that the laser pulse duration of 50 fs is too short for the ladder

switching to come into effect.

IV. Conclusion

Using a tandem TOF mass spectrometer, the ionization and dissociation dynamics
of the mass-selected benzene cations in intense short pulsed (50 fs) laser fields was
investigated. By combining with the corresponding results obtained when starting
from the neutral benzene molecules using a single stage TOF mass spectrometer, a
remarkable wavelength dependence of the ionization and fragmentation process was
identified as summarized in Fig. 5.

When A ~ 395 nm, the strong dipole-allowed coupling between the C and

X states of the benzene cation suppressed the formation of benzene dications and

induced the dissociation into C,H;* or C;H;*. It was inferred that the efficient trapping
in the singly charged cation stage was induced by the combination of the formation of
the light-dressed potential energy surfaces via the coupling between the C and X
states and the ultrafast intramolecular decay processes on the multidimensional potential
surfaces.

When A ~ 790 nm, the multiple ionization was found to dominate the dynamics of
benzene cations as well as that of neutral benzene molecules, indicating that a resonance
coupling is not induced on either of the neutral, singly charged, or doubly charged

stages by the A ~ 790 nm light.
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Table I. Comparison of the previous studies on benzene in intense laser fields

Wavelength Width  Intensity Products ?
2
(nm) (Wiem’) Parent ions  Fragment ions °
Zandee et al.¢ ~ 390 Sns ~10° C,H," (0.3)
CH (0.2)
C,H:*(0.2)
C*(0.2)
Bosel et al.* 259 5ns 3X10°% C'(0.4)
C,H,* (0.2)
C,H; (0.2)
504 Sns 5X10° C' (0.5)
C,H,* (0.2)
Bhardwaj et al.® 532 35 ps 4X101" C*(0.3)
CH' (0.2)
C,H,* (0.2)
DeWitt ez al.' 780 170fs  3.8X10° C.H,' (1.0)
Castillejo et al ® 800 200 fs 1X10"® CHg' (1.0)
400 12X10" CH (04) CH/(0.4)
Castillejo et al.” 800 50fs  2X10" CH (0.2) C'(02)
CH (0.2)
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Talebpour ef al.' 800 200fs <5X10% CH(09) CH?
Smith ef al. 750 50fs  3X10" CH, (0.5)
CH (0.3)
375 90fs  1X10™ CHy (0.6) CH (0.2)
Ledingham et al. ¥ 790 50fs  2X10"% CgHy (0.7)
CH (0.2)
Shimizu et al.' 800 120 fs 1X10" c,c*

*The values in parentheses represent the yield ratio of the product ions to the total yields
of all the product ions. °The subscripts, i, j, and k, in C,H*, C;H;", and C,H,*, could be
intherangesof i=2-4,j=0-3,andk =0-3. °Ref. 43. “Ref.46. °Ref.49. f

Ref. 13. ®Ref. 14. "Ref. 18. 'Ref.17. Ref.16. *Ref.15. 'Ref. 19.
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Table II. The branching ratio of product ions obtained from neutral benzene molecules

in intense laser fields (2.0X10 '* W / cm?).?

Products A ~ 790 nm A ~395 nm
CH,' 1.00 1.00
C6H62+ 0.07 -
CH;* - 0.19
CH," - 0.05
C,H,’ - 0.40
CH," - 0.37 1.03
C.H,* - 0.26
C,H,* - 0.28
C,H,? - 0.07 0.43
C,H” - 0.08
C,H,’ - 0.07
0.14
CH,* - 0.07
ct 0.07 0.21

“ The yield of benzene cations was normalized as unity.
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Figure Captions

Fig. 1. The schematic diagram of the tandem time-of-flight mass spectrometer (TOF-
MS). In the first TOF-MS stage, the voltages for the first and second electrode plates
are set to be V,, =4185 V and V,, = 3885 V, respectively. In the second TOF-MS
stage, the voltages of the second and third grids are set to be Vi, = 1400 V and Vy, =
1500 V, respectively. The ions with specific mass and charge numbers are decelerated
in the region (1) and are exposed to intense laser fields at the equidistant point between

the second-grid and third-grid. The product ions are re-accelerated in the region (2).

Fig. 2. The TOF mass spectra obtained when neutral benzene molecules were
irradiated by intense laser pulses with the wavelengths of (a) 395 nm and (b) 790 nm.
The peak laser-field intensities were set to be ~ 2X 10" W / cm? for both cases. The

ion signals originating from residual gases, N,, O,, and H,O were also identified.

Fig. 3. The momentum-scaled TOF spectra of the atomic carbon cations, C* (solid
line), which were produced from neutral benzene molecules irradiated by intense laser
pulses at (a) 395 nm and (b) 790 nm. The dotted lines in (a) and (b) are the best-fit
Gaussian momentum distribution with peak widths (FWHM) of 223(7) X 10° and 274(6)

X10* amu m/s, respectively.

Fig. 4. The TOF spectra obtained when mass-selected benzene cations were irradiated
by intense laser pulses with the wavelengths of (a) 395 nm and (b) 790 nm. The peak
laser-field intensities were set to be ~ 2.5X10' W / cm” for both cases. The peaks

with an asterisk (*), two asterisks (**), and three asterisks (***) are those of the C,H.",
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C.H,’, and C;H," fragment ions produced by the nanosecond laser pulse after the
REMPI process, respectively. The broad tail region around 10.5 us is ascribed to an
artifact appearing as a response of the MCP detector after the strong signal of the

benzene cations.

Fig. 5. The schematic diagram of the ionization and fragmentation processes of

benzene in intense laser fields. Shorter and longer vertical arrows represent photons

with the wavelengths of 790 nm and 395 nm, respectively.
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Summary

The main theme of this thesis is ultrafast unimolecular reaction processes in laser
fields. In chapters 2 and 3, the ultrafast state-to-state dissociation dynamics of OCS
excited into the VUV wavelength region was investigated. In chapter 4, the ionization
and fragmentation dynamics of benzene and singly charged benzene in intense laser
fields was investigated. The following two sections are summaries of the contents of

this thesis.

I. Ultrafast dissociation of OCS in VUV region

The ultrafast dissociation process of OCS (2'=*) in the energy region of vacuum
ultraviolet (VUV) light was investigated. The attention was paid to the vibrational
Feshbach resonances caused by the quasi-bound vibration of the in-phase C-O and C-S
stretching on the 2'S* potential energy surface of OCS. OCS was excited to the
resonant continuum states by a tunable VUV laser generated by two-photon resonant
four-wave different frequency mixing technique. The product state distributions of the
CO fragments via the quasi-bound resonant states (v* = 0 — 2) of OCS were measured.

The vibrational state distributions of the CO fragments were investigated through
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the momentum distributions of the S('S) counterpart fragments, which were obtained
from the Doppler profiles of the S('S) fragments. It was found that the vibrational
distributions of the CO fragments were approximately represented with the Boltzmann
distribution of 7000 K for the dissociation via all the quasi-bound vibrational states, v*
=0-2. This result indicates that the vibrational adiabaticity is destroyed completely
even if the dissociation occurs within the time scale of the quasi-bound vibrational
period.

The rotational state distributions were directly measured through the laser induced
fluorescence of the A'TI - X'S* transition of CO (X'*, v¢, = 0, 1) by using another
tunable VUV laser. The CO fragments in v, = 0 via the quasi-bound vibrational
states, v* = 0 — 2, were found to have a very low rotational temperature. The
rotational distributions were approximately represented with the Boltzmann distribution
of around 100 K independent of v*. On the other hand, the CO fragments in v, = 1
were much more excited rotationally than those in v, = 0, and were approximately
represented with the Boltzmann distribution of 2210(280), 940(120), and 810(65) K for
the dissociation via the resonant states, v* = 0, 1, and 2, respectively.  The significant
difference between the rotational distributions of the CO fragments in v = 0 and 1
indicates that the bending motion of OCS is not separable from the stretching and
dissociative motions on the 2'S* potential energy surface. The rotational distributions
of the CO fragments in v, = 1 shows the weak dependence of v*. This dependence
might reflect the contribution of the bending motion to the respective quasi-bound
resonant states.

From the measurements of the vibrational and rotational distributions of the CO

fragments, it was found that the complex mixing among the vibrational modes of OCS
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exists in the course of the ultrafast dissociation.
The VUV-VUV pump-probe experiments using two tunable VUV lasers would
extend the research area in the VUV wavelength region where a lot of interesting issues

about unimolecular reactions could be investigated.

Il. Benzene in intense laser fields

In intense laser fields, multi-electron molecules are almost multiple-ionized. In
most of the previous studies, neutral molecules are exposed to intense laser fields and
the fragment ions produced after the multiple ionization are detected. Therefore, the
ionization process from a neutral stage to multiply charged parent ions from which
Coulomb explosion occurs is ambiguous. In this thesis, in order to investigate the
dynamics starting from a specific charge stage, a tandem type time-of-flight mass
spectrometer was applied to prepare the singly charged benzene cations.

When the neutral benzene molecules were exposed to the intense laser fields, the
ionization and fragmentation of benzene in intense laser fields showed an obvious
dependence on the laser wavelength. Although the benzene cations were the major
products at both of A ~ 395 and 790 nm, the products with the second largest yields
were C,H" at A ~ 395 nm, and C;H™" at A ~ 790 nm. When the intense laser pulses
with the wavelength of A ~ 395 nm were used, the fragmentation to CH;" and C;H;" is
dominant except for the ionization to C;H,*. On the other hand, when the intense laser
pulses with the wavelength of A ~ 395 nm were applied, the multiple ionization to
C.H,™ dominated over the fragmentation.

In order to clarify at which charged stage and in which electronic state these

fragmentation occurs, the initially prepared benzene cation in intense laser fields was
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investigated. The benzene cations were ionized into the lower vibrational levels in the
electronic ground state through the resonantly enhanced multiphoton ionization by
using the nano-second pulsed dye laser.

When the laser wavelength was A ~ 395 nm, the fragmentation to C,H" was
dominant and C;H;" was also detected. It was found that the ionization to the benzene
dication, C{H,**, was suppressed, even if the starting point was the singly charged stage.
This suppression of the ionization to the dication and the fragmentation of C,H;* and
C,H;" was attributed to the dipole allowed strong coupling between the C and X states
of benzene cation in intense laser fields. It was considered that the population trapping
in the singly charged cation stage was efficiently induced by the light-dressed potential
energy surfaces composed of the C and X states and that it induced the ultrafast
structural deformation.

When the initially prepared benzene cations were irradiated with the intense laser
pulse whose wavelength was A ~ 790 nm, the benzene cations were ionized mainly to
the multiply charged parent ions, C;H,** and C,H,>* in a similar manner as the neutral
benzene molecules. This suggested that, in the intense laser fields of A ~ 790 nm, the
resonant coupling leading to the efficient population trapping could not be realized on

either of the neutral, singly charged, or doubly charged stages.
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